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Military Flying Qualities Specification
Flying Qualities
Flying Qualities Requirement
Model C-5A

T study was conducted to validate military specification MIL-F-8785B(ASG).
"Flying Qualities of Piloted Airplanes," dated 7 August 1969, Interim Amendment-I
(USAF), dated 31 March 1971, by performing a detail comparison of its requirements
with the known characteristics of the Lockheed C-5A and pilot comments on them.

The comporison was based primarily on existing flight test data supplemented by
analytical data as required for this evaluation process. Paragraph by paragraph
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validations or discrepancies ore noted, resolution attempted if necessary, and any
recommendations given.

In addition, recommendations are made enumerating experimental and analytical

investigations beyond the scope of this study which will provide data for further

vulidation and updating of the requirements.
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FOREWORD

This report was prepared by the Lockheed-Georgia Company, Marietta, Georgia, for
the Air Force Systems Command, United States Air Force, Wright-Patterson Air Force
Bose, Ohio. This study was conducted under Contract F33615-75-C-3012. Captain Jerry
Callahan (FGC) was the Project Engineer.

This report was prepared by C. L. Silvers and C. C. Withers with assistance from
C. A. Mason, C. E. Houston, and W. B. Southerland.

This report represents the views of the authors, which may not necessarily be the some
in all cases as the views of the Air Force or those of the Lockheed-Georgia Company.
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SUMMARY

This report presents the jesults of a study to validate Military Specification MIL-F-
87858(ASG), "Flying Qualities of Piloted Airplanes," dated 7 August 1969, including
Interim Amendment-I(USAF), dated 31 March 1971, by performing a detail comparison of
its requirements with the known characteristics of the C-5A and pilot comments.

The comparison was based primariiy on Category 1/11 test results supplemented by
analytical data and results obtained during the ALDCS development test program.
Paragraph by parQgtaoh evaluations or discrepancies are noted and, if necessary,
discussions and recommendations given.

Results of the c omparison show that the specifications favorably compare with C-5A
data except in the sections noted below. The requirements for these sections appear to
have been based on an abundance of light and medium weight airplane data with little
conflicting data from Class III heavy weight airplane data.

3.2.1.2 Phugoid Stability

3.2.2.1 Short Period Response

3.2.2.2.1 Control Foraes in Maneuvering Flight

3.3.1.1 Lateral Directional Oscillations (Dutch Roll)

3.3.1.2 Roll Modt t- P)

3.3.2.4 Sid.slip Exccursions

3.3.4 Roll Control Efftctivenvss

3.4.2.2.1 Resistance to Loss of Control

From the above list, the mast sienificant difference between the specification and C-SA
data appear in the sections related to lateral control. Based o-. C-SA lioa, the equite-
ments of Sections 3.3.1.2-Roll Mode, 3.3.2.4-S5desl~p Excursions. and 3.3.4-Roll
Control Effectivene..4 are ifn too stririýlent for Class Ill airplanes. Section IV of this repo't
lists additional paragraphs at the spe.xification where recommendations have been mode.
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SECTION I

INTRODUCTION

This report is prepared as part of a continuing effort by Air Force Flight Dynamics
Laboratory, Wright-Patterson Air Force Boz.t, Ohio, to update and improve Military
Specification MIL-F-8785B(ASG), "Flying Qualities of Piloted Airplanes." The require-
men.s of the specification were largely prepared on the basis of experimental flying
qualities data, and form the criteria for the aircraft industry in design, development, and
flight test demonstration of new military a.rplaneý. A detailed comparison of the flying
qualities of currently operational airlanes to the ,-pecification requirements forms the basis
for evaluation of the requirements.

Evaluation of the specificit; , requirements was performed by a paragraph-by-paragraph
comp;.Kscn of the specification requirements to available flight test data, supplemented in
certain areas by analytica! i.ata. Inevitably, comparison of any airplane with the speci-
fication will be less than ,:,•mplete because of data limitations. Although more thorough
coverage would be needed to show compliance of a new airplane, this depth of presenta-
tion is adequate for an evaluation report.

This report may be considered a critique of MIL-F-8785B(ASG) by one class of
specification user. It is hoped that the recommendations of this study will serve as a basis
for futUre specification revision programs, and may also serve as additional guidance for
interpretation and application of the spec ification.



SECTION II

AIRPLANE DESCRIPTION

1.0 GENERAL PHYSICAL CHARACTERISTiCS

Airplane Description

T:ie C-5A is a long-range, all weather, high-altitude, high-subsonic, swept-wing,
T-toiled airplane designed for use as a heavy logistic transport with relatively short field
takeoff and landing capability. The airplane is designed to airlift a wide variety of com-
bat support equipmelt and personnel at payloads of up to 265,000 pounds. Aircraft gross
weight ranges from 319,809 pounds empty to 769,000 pounds maximum design weight.
Initial cruise altitude is 30,000 feet with cruise speeds of up te 470 knots true airspeed.
It is powered by four General Electric TF-39 turbofan engines equipped with thrust
reversers. Inflight reverse thrust is applied to the inboard engines for rapid or emergency
descent. A retractable, high-flotation landing gear consisting of four six-wheel, bogie-
type, main landinq gears and a four-wheel, steerable nose gear enables the airplane to
operate from poved or unpaved ;unways. The landing gear can be set at "crabbed" pcsi-
tiont for takeoffs and lundings in crosswinds. Some of the other unique design features of
the airplane are a forward and oft cargo door system enablinr, straight through loading and
unloading ind a landing gear kneeling system. The kneeling system permits the cargo
deck to be tilted nose down or tail down or to be lowered in the level position. Aerial
delivery of payloads through the aft cargo door is possible. Up in 200,000 pounds of
payload may be dropped in multiple packages, and a single package of 86,000 pounds has
been dropped in demonstration tests. Two auxiliary power units, one located in each main
landing gear pod, are provided to supply electrical, pneumatic, and hydraulic power
(through use of air turbine motors) for engine starting and for ground operation and
maintenance requirements.

Basic Data

The three-view drawing in Figure I (1 .0) shows the basic airplane and gives dimension
details. Overall dimensions are as follows:

Overall Wing Span: 222.71 feet

Overall Length: 247.86 feet

Overall Height: 65.10 feet

Wing g.iometry parameters are the following:

Area: 6200 square feet

Span: 219.20 feet



MAC 30.93 feet

Aspect Ratio: 7.75

Taper Ratio (theoretical): 0.371

Dihedral (0.25c): -3.50 degrees

Inc idence - Root: - 3.50 degrees
- Tip: 0.00 degrees

Airplane gross weights are listed below:

Empty V eight: 319,809 pounds

Design Flight Gross Weight (2.5g): 728,000 pounds

Maximum Design Gross Weight: 769,000 pounds

2.0 FLIGHT CONTROLS

Primary flight controls include ailerons, spoilers, rudders, and elevators. All surface
hinge homents are provided by hydraulically powered actuators and pilot "feel" is arti-
ficial (see Figures I through 15(2.0)). Control wheels, columns, and rudder pedals provide
pilot or copilot inputs to the control valves through the mechanical linkage and able
systems. Hydraulic power is provided by four independent systems. Secondary flight
controls include ground spoilers, leading edge slats, pitch trim, and trailing edge flaps.

STABILITY AUGMENTATION

Pitch and yaw, lateral SAS (Stability Augmentation Subsystem) ore provided. Pitch
SAS provid.-s short period pitch damping. Yow/lateral SAS provides yaw damping, roll
damping, turn coordination, and spiral divergence control. The C-5 SAS is triple redun-
dant, fail safe/fail operational. The actuator inputs are added in series with pilot inputs
to control the surface actuntors. The air:raft can be flown safely without SAS. Analytical
diagrams are presented in Figures 1(2.0) and 2(2.0).

ROLL CONTROL

The roll control system controls the motion of the aircraft about the longitudinal axis
by the use of ten flight spoilers operated differentially in conjunction with two conven-
tional ailerons. The ten flight spoilers serve a dual purpose in that upon command they
also function as ground spoilers. The interface is shown on Figure 3(2.0).

A mix box in each wing converts an input signal from the aileron cable system to a

proportional output signal to the flight spoilers. This same mix box converts an input
signal from the ground spoiler cable system to an output signal to the flight spoilers
when they are to function as ground spoilers.

3
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Each aileron and flight spoiler panel is operated by a dual hydraulic servo control
assembly which responds to manual cable inputs. The aileron control package also
responds to electrical inputs from the automatic flight control computer for lateral
augmentation, and to mechanical inputs from the aileron trim actuator.

System operation incorporates conventional pilot's and copilot's control wheels with
travel from netural to t600. Aileron travel as a function of control wheel rotation is 250
up and 150 down from the faired position. With flaps up, flight spoiler travel as a
t.fction of control wheel rotation is 22.50 up from the faired position.

When the trailing edge flops extend to approximately 32 , an electrical signal is given
to the ratio shift actuator which, through the mix box, up-rigs the flight spoilers 30 from
the faired position. This is done to minimize the loss of spoiler-flap lift with roll control.
The maximum spoiler travel from the 30 up-rigged position is 570 up and 30 down.

Artificial Feel - A combination centering and artificial feel spring is attached to the
pilot's rear quadrant. This spring is preloaded to a force which is adequate to overcome
system friction, thus ensuring po.itive system centering with no force applied to the con-
trol wheel. Additional artificial feel is obtoined from the flight spoiler closing springs
attached to the outboard flight spoiler input quadrant.

Autopilot - The autopilot roll control servo is attached by a pushrod to the copilot's
r-or quadrant and, when engaged, provides an automatic parallel input to the cable
sys'-m. An emergency disconnect switch on either control wheel allows rapid electrical
diseng-lement with negligible friction remaining on the system. An internal slip clutch
gives either pilot an override capability in the event of a runway or jammed roll control
servo.

Pilot Assist Cable Servo (PACS) - The PACS is a small output electromechanical torque
motof, attached by a pushrod to the pilot's rear quadrant, which assists the pilot in over-
coming control wheel breakout force. Electrical sensors in the control wheel detect an
initial pilot effort of 3 to 4 pounds of force on the wheel and result in the PACS adding an

additional 5 pounds toward overcoming the roll control system breakout force of
approximately 9 pounds.

The PACS is intended for tuil-time use during manual flight control of the aircraft and
is interfaced to be compatible with, the autopilot for automatic flight control.

Aileron Trim - An electromechanical trim actuator is located in the input linkage of
eacWhaileron control servo assembly and is in series with the pilot input system. Operation
of the aileron trim knob, which is located on the cunter console, sends an electrical
signal to each trim actuator. The aileron trim actuator in turn gives a mechanical input to
the aileron control servo assembly, thus providing the desired aileron deflection to main-
tain wings level flight and allow the pilot's and copilot's control wheel to center. Each

aileron trim actuator may be energiziýd separately by operating a switch located to the
side of the aileron trim knob. This v.ill provide roll trim in the event one trim actuator is
inoperable. The normal aileron trim range is -r 100 at a rate of 1/2 degree per second per
actuator or a total effective roll trim rate of I degree per second. A trim actuator with



dual pointers, located in the flight station area, indicates the position of each aileron
panel relative to the faired position.

ELEVATOR CONTROL SYSTEM

The elevator control system controls t'c attitude of the aircraft about the pitch axis by
means of four seporcte elevator surfaces hinged at the rear of the horizontal stabilizer.
Pilot control column travel of five inches forward and nine inches aft provides surface
deflections of 15 degrees down and 25 degrees up, respectively. Control column motion is
transmitted through a cable system to the full power, irreversible-type hydraulic servos
which power each surface. The inboard surfaces, which are structurally interconnected by
a mechanical linkage, are each powered by a dual actuator servo package, while each
outboard surface is powered by both dual and single actuator servo packages. For normal
operation, the L.H. inboard elevator is powered by Sys. No. 2 and the R.H. inboard
elevator is powered by Sys. No. 3. The pilot can switch on the inactive system after a
hydraulic system failure. The elevator control system is shown schematically in
Figure 4(2.0).

Pilot Assist Cable Servo - As an aid to the pilots in overcoming input system friction, a
pilot assist cable servo (PACS) is incorporated in the cable system. The servo, which is an
electromechanical torque motor with a small, variable torque output, is attached to the
pilot's oft cable quadrant. The signal for actuation of the PACS is generated by force
transducers mounted in each control wheel. This signal is then amplified and transmitted
to the PACS for actuation of the cable system.

Elevator Artificial Feel Subsystem - Since a full-power control system provides no
feedback of aerodynamic loads, an elevator artificial feel subsystem is required to provide
the pilots and autopi lot with appropriate "feel" forces to permit safe maneuvering of the
aircraft throughout its operational flight envelope. The feel subsystem consists of three
force-produc ing components:

o The system centering spring plus four servo centering springs.

o The bobweight effects of the control columns and the stick shaker mounted on each.

o The system variable feel unit.

The arrangement of these components within the elevator control system is shown in
Figures 4(2.0) and 5(2.0).

Centering Springs - Artificial feel proportional to elevator surface position is provided
by the system centering spring attached to the pilot's aft quadrant and by the centering
springs incorporated in the servo packages. These springs together are preloaded to pro-
vide a system force of approximately 7.5 pounds at the column, i.e., 3.5 pounds from the
system centering spring, and I pound from each of the four servo package centering springs.
The centering springs on the servos are to provide a centering force to each servo in the
event of a failure anywhere in the servo input system. The pilots' feel force as a function
of the centering springs only (beyond breakout) is shown in Figure 6(2.0).
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Bobweight - The bobweight etffets of the elevator manual control subsystem and the
stick shaker assembly mounted at the base of each column provide the pilot with feel
forces as a function of normal occ elviation (load factor). The stick shaker bobweight
effect is transmitted to the system via a pushrod connecting each shaker to its respective

forward cable quadrant. A flat coiled spring is incorporated in the attachment of each
stick shaker to balance the tctal bobweight effect for one "g" condition. The pilots'
feel force as a function of tht. total bobweight effect only is shown in Figure 7(2.0).

Variable Feel Unit - The varioble feel unit (VFU) provides the pilots with feel forces

as a function of the impact pressure (q ) from the Central Air Data Computer. The unit,
which is installed below the flight dt.c- floor to the right of the copilot's feet, is con-
nected to the elevator control system by means of a pushrod connected to the VFU output
lever and the copilot's forward cable quadrant. Figures 8(2.0) and 9(2.0) show pilot
forces.

Stallimiter System - The pitch ads control system incorporates a stall warning sub-
system consisting of a stick shaker mounted at the base of each control solumn and an
audible signal fed into the cockpit overhead interphone speakers and into the pilot,
copilot, and observer headsets. The shaker is an electromechanical device which is
actuated by the stallimiter computer. The shalers induce control system vibrations to
•orn the pilots of an inpending stall condition. If the pilots fail to take appropriate
action after receiving the stall warning through the stick shal er and a stall is actually
entered, the audible warning signal is initiated by the stallim'ter computer.

RUDDER CONTROL SYSTEM

Directional control of the air vehicle is accomplished by the rudder control subsystem,
including rudder trim. The rudder control :onsists oi an upper and lower rudder surface,
each deflected by a dual irreversible hydraulic servo assembly. Normal maneuvering of
the aircraft in the yaw axis is aý_omplished by displacement of the conventional rudder
pedals. Movement of the rudd.:r p..dals 3.00 inches forward or aft from neutral will
produce -35 degrees of surface truv,.i ti,rough a single -losed-loop cable system originating
from a tension regulator installed or, the pilot's sid,. Superimposed upon the manual input
system is the stability augmentation syotem (SAS), which has the capability of producing
20.5 1 1 .0 degrees of surface travel. Rudder trim, pedal feel force gradient, and
pedal.,surfoce centering is provided by a trim and feel system which provides parallel
inputs to the rudder system. The rudder control system is shown schematically in Figure
1M(2.0).

Rudder pedal nose Nheel steering allows either pilot to command :7 degrees of nose
wheel deflection with 1 3.00 inches of pedal travel. This limited control provides some
assistance to the rudder in yaw axis control of the aircraft during landing and takeoff.
The steering wheel mounted on the pilot's side panel provides manual control of t~he full
-80 degrees of nose wheel deflection. A lever forming port of the pilot's tension regulator
assembly is attached to a pushrod wvhich connects to the nose wheel steering mechanism.
A V .- ar actuator is used to automatically disengage the rudder pedal steering input when
the nose gear is retracted

12
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NOTES:

I. NORMAL AERODYNAMIC SIGN CONVENTION SHOULD BE USED.

2. THE STICK FORCE ('Fs) IS REPRESENTED AS THE PILOT EFFORT
REQUIRED TO DISPLACE THE STICK AT ZERO EXCESS g's. THE FORCE
INCLUDES THE ELEVATOR CONTROL SYSTEM CENTERING SPRING (Fk)
AND F FORCE FROM THE VARIABLE FEEL UNIT, 4Y1063.q

3. F IS THE PILOT EFFORT FOR EXCESS g LOADINGS
s

4. THIS PLOT DOES NOT INCLUDE THE EFFECT OF BREAKOUT, FRICTION,
AND HINGE MOMENT LIMITING.
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Figure 9(2.0). Elevator Artificial Feel Subsystems
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Feel, Trim, and Autopilot System - Rudder trim, pedal feel force gradient, and pedal/
surface centering are provided by a combination feel arid centering spring installed in
series with an electromechanical trio, actuator and attached to the lower rudder input
quadrant. The spring is preloaded to a pedal force of approximately 8 pounds, which is
adequate to overcome system frc tion. The prelood foru also ensures positive system
centering with no force applied to the rudder pedals. The pedal feel force gradient is 4.3
pounds per degree for the first 10 dsgees and changes to 2.6 pounds per degree from 10
degrees to 35 degrees. The maxi•.u,,, pedal feel force uidder normal operation is 120
pounds.

The trim actuator for normal uperation provides a parallei input to the rudder system.
The actuator repositions the neutrol point of the preloaded centering spring after the
rudder pedals hove been displaced to a desired timn po.itio3,. Trim actuator operation is
controlled by two rudder trim r.ontrol switches located on the copilot's side of the center
console. The switches are three p:Dsition (nose left, off, nose right) toggle switches and
are spring loaded to the OFF psition. Simultaneous operation of the switches is required
to provide power and ground sigrnals tu the trim actuatcr. The upper and lower rudder
surfaces are trimmed simultant-ousl/ us if the input weii: due to pedal deflection. The trim
actuator provides t I I degrees tnimr, outhority at a rate of one degree per second and trim
position is displayed on an indlcatcr !ocat.ed on the !-tri ter ;rtstrment panel.

Emergency Rudder Control - Emergency rudder coilrcrl provides the pilot with ± 20
degrees of upper and lower rudder authority. A YAV. AUG MAN TRIM control knob is
provided on the flight augmentatiun panel to permit control of the rudders through the
Yaw Augmentation (Y/A) subsystt.m in the event of a jaw in the single rudder cable
system. A guarded switch to the right of the control knob must be moved from the OFF
position to the ON position Lefor, the emergency mode becomes operational. Signals are
not applied to the Y,'A subsystem if the control knob is offset from its neutral position
when the guarded switch is thrown to ON. Electriccl iriterlocs are provided which require
that the control knob must be r0,.-rn,.cJ to neutral positionr- before the signals are switched in.
In addition, this control may be .j;..d to obtain rudder: trrr in the event of a failure in the
rudder trim system.

Rudder Position Limitinc, - Th•, rjdder position and trrvel are pedal limited by
mechanical stops positioned by on *-Iectromechanicol linear actuator, as shown on Figure
10(2.%). The rudder position, l;.m;t.r assembly is installed at the lower rudder input quad-
rant. The input actuator responds to step input signals from the Air Data Subsystem
(CADC's numbers I & 2) which are a iunction of dynamic pressure and Mach number.
Position feedback is provid,.d by limit switches mounted on a cam profile forming part of
the mechanical stops. At "Q's" greater than 200 PSF, or Mach numbers in excess of 0.77,
whichever occurs first, the stops are positioned to allow a maximum of r4 degrees of
rudder. At intermediate "O's" between 80 and 200 PSF, the stops are positioned to allow
a maximum of t1 2 degrees of rudder. When dynamic pressure is below 80 PSF, the stops
are completely retracted to allow lull rudder travel.
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SECONDARY FLIGHT CONTROL SUBSYSTEM DESCRIPTION

Trailing Edge Flaps and Leading Edge Slats - The C-5A employs leading edge slats and
trailing edge flaps to change the relatively low-lift wing required for high speed flight to
a high-lift wing necessary for short landings and takeoffs. The slats and flaps accomplish
this by changing the camber and area of the wing. Actuation of the entire system is
accomplished by displacement of a single flap control handle located on the center con-
sole. Asymmetry detection with test circuitry is provided for each system. Position indi-
cators for each system are also provided. Major elements of the flap system are shown in
Figure 11(2.0).

Trailing edge flaps are slotted Fowler type with six panels on each wing semi-span.
The panels are positioned by ball screw actuators which drive the carriage in each straight
track. The actuators are driven through a torque tube system by a power package mounted
on the oft side of the center wing beam in the mid-fuselage. The power package receives
inputs from the flap handle.

There are seven leading edge slat panels, three slotted and four sealed, on each wing
semi-span. The actuators are driven through a torgue tube system by the trailing edge
flaps power package, uti lizing a decoupler and c lutch/brake assembly. The c lutch/brake
assembly, mounted on the forward side of the center wing front beam, engages to extend
or retract the slat system depending on the direction of flap motion.

Slat and flap motion is initiated simultaneously from the retracted position, and the
swat• are fully extended when the flap reaches approximately the 15 degree position. At
the slats extended position the clutch is disengaged and the brake engaged by means of an
electrical signal from proximity switches located at each inboard moving island in each
wing semi-span. When the clutch is disengaged at the slats extended position, the T.E.
flaps are free to continue to any selected position. At the slats retracted position the
clutch is disengaged and the brake engaged by means of an electrical signal from proximity
switches on the No. ]A slat track in each wing semi-span.

HORIZONTAL STABILIZER TRIM CONTROL SYSTEM

The pitch trim system includes the horizontal stabilizer actuator and on actuator input
system. A high degree of safety and reliability is provided since two signals are required
from the input system before the actuator can operate.

Trim about the pitch axis is accomplished by movement of the horizontal stabilizer and
is independent of the primary pitch control system (elevators). The pitch trim actuating
system, shown in Figure 12(2.0), consists of the following:

I. One pitch trim actuator, irreversible linear screwjack.

2. Two pilot or copilot operated electrical command systems.

3. One pilot or copilot operated manual command system.
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C-5A PITCH TRIM SYSTEM
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Figure 12(2,O). Pitch T;im Controls
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4. One autopilot command system, signal to scrfew drive.

5. Four horizontal stabilizur i•psition limit switcFlws.

6. Two separate hydraulic sys'en inputs.

7. One horizontal stabilizer oosition indicator system.

GROUND SPOILER SYSTEM

The ground spoiler system is ptouided to reducte the oircraft's stopping distance during

landing roll-out or a rejected takuoff by destroyr.g j.wino lift and increasing wing drag.

Destroying the wing lift deposits the airr 1 uft weight onto the landing qear more rapidly

after touchdo.n thereby ;notreasunif -rte ttficitency of the• wheel brakes.

The ground spoilers consist o! four inboard panels, which are used as ground spoilers

only, and five outboard panel! N,.Jt ore- used as ground spoilers during landing roll-out

and as flight spoilers while a;rbarr.t to a;d in roll :ontrol of the aircraft. Figure 13(2.0)
presents a schematic of the grorid s-;u;lvr system.

The ground spoiler system is conter-nled by either the pilot or copilot. There are dual

control handles provided, one on a,':h side of the center console. The two handles are

interconnected through a torque tube and have t.vo positions. The most forward position

corresponds to spoilers closed and the most aft position corresponds to spoilers fully

extended. There ore no intermed;ote po3sitions provided. Spoiler handle travel is 60

degrees. The ground spoile.r c,.ntrujl ;nput system as Presented in Figure 14(2.0).

Four closing springs art: used in the spoiler input system -- one at each No. 4 spoiler

quadrant and one at each No. 9 spoiler quadrant, shcown .n Figure 13(2.0). These springs

bias the input system in a closing direction and, therefore, oppose the pilot in deploying

the spoilers and aid in closinr the spoilers.

The spoilers ore deployed by hydruulic actuators. Each spoiler panel is provided with

an a.tuator. Spoiler panels No. I through No. 4 have two-position actuators which are
either fully retracted or fully extend,.d with no position feedback to provide intermediate

positions. The spoiler quadrant pushrod operates a valves which ports hydraulic fluid from
two individual systems to a dual tandem piston through a bypass and shutoff valve and a
pressure switch. A locýinq dcvicc. is provided to lock the piston in the retracted (spoilers
closed) position. This lock is rleieusod when pressure ;s ported to the opening side of the
piston.

Spoiler panels No. 5 through, No. 9 have servooctuators. This is necessary since thes
panels are used during flight und hIo..r a feedback mec.nanism which allows the actuaton to
stop at intermediate positions. WNhen the .;onsole hon'Jles ore moved to the ground position,
howevwr, the actuators or#. con•,munded to thi- full e-tend posiit1a,. The spoiler quadrant

pushrod operates a control valu .vhich ports fluia . . 1, two separate systems to a dual

tandem piston through shutoff and bypass valves and pressuir. .. "tches. No locking device

is provided on these actuators sirn.e they are used during flight.
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Figure 13(2.0). Ground Spoiler System
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Located in the center console is a locking mechanism which locks the spoiler control
handles while in flight. An electromechanical actuator is energized to the retracted
position upon the loss of the wheel spin-up and the touchdown signal. This in turn pulls a
stop into the path of an adjustable locking cam which is attached to the spoiler handle
torque tube. Upon landing with either the spin-up or the touchdown signal present, the
actuator will be given on extend signal which will push the stop out of the path of the
locking cam and allow spoiler deployment.

Located on the center instrument panel is a posit'or: indicator which will indicate the
position status of the spoilers. This indicator is operated by position switches located at
the No. 4 spoiler quadrant of each wing. If the closed switch on each wing is -,vitacted
the indicator will show "RETRACT. " If neither tFe .-losed or open vwitc;ý it corncinted, f.e
indicator will show "ENROUTE. " If both open switches are contacted, the indicator will
show "EXTEND." If one wing open switch is contacted and other wing cam remains on the
closed switch, or at some point between the open and closed switch, the indicator will
show "ENROUTE. " This will indicate to the pilot that one wing's spsiiers are open and the
other wing's spoilers are at some position other than full open which could result in a
dangerous asymmetric condition. The pilot could then close all spoilers.

PASSIVF LDCS (LIFT DISTRIBUTION CONTROL SUBSYSTEM)

The passive LDCS system reduces the wing bending moment by uprigging both ailerson.
An LDCS control panel on the center console incorporates an "ARM" switch and a three
position "rig" switch. The "RIG" switch is wired through the trim actuator so that opera-
tion of the switch to the "UPRIG" or "DN RIG" position will move the left hand aileron
and the right hand aileron symmetrically up or down simultaneously.

The surface position relationships and capabilities that result from the incorportioll of
the Passive LDCS System are shown in Figure 15a(2.0). The Pilot Control Wheel position
plotted against aileron surface position is shown in Figure 15b(2.0).
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SECTION Ill

EVALUATION OF REQUIREMENTS

INTRODUCTION

This section presents the comparison of the flying qualities of the C-5A airplane tc therequirements of the current spec ification, M!L-F-8785B(ASc;), including Interim Amend-ment-] (USAF), 31 March 1971. Each specification porc~graph of Section 3, Requirements,
is presented in sequence, either singly or in logical groups, and compared to the charac-teristicý of the airplane. For ease of reference the paragraph numbers of the specificutios.
are used here.

EVALUATION FORMAT

The evoluation format will compris1, four specific parts. The listing and description of
possible contents of the parts are as follows:

1. Requirement:

In this part, the requirement paragraph is written exactly as it appears in the
spec ification.

2. Compa. ison:

In this part, the data, flight test and/or analytical, are presented to compare thecharacteristics of the C-5A with the requirements of the specification. The com-parison is analyzed and a discussion presented to exhibit: (a) compliance with thespecification, (b) non-compliance, or (c) disagreements (i.e., partial compliance
or non-compliance may exist, or quantitatively non-compliance was exhibited butpilot qualitative comments indicate acceptable flying qualit;es). These conditions,
if exhibited, define disagreements which need to be resolved. Other disagree-rrit.nts may be the resu4 of engineering judgment rogawding the feasibility, wording,
or purpose of the requirements. Resolution of these disagreements is covered in the
third port.

3. Discussion:

In this part, the d;sogieemer.s presented in the comparison part -.re resolved.Data, background information, substantiating arguments, and discussion are usedin the resolution of the disagreements. The basis foa the recomatendation is
presented in this port.
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4. Recommendation:

The recommendations, if any, are given in this part. iese recommendations are a
result of Parts 2 and 3. If a complete rewrite of the specification paragraph is
suggested, it is wrilten in this part. If only a partial rewrite is recommended,

either the specifica,"•n paragraph is rewritten with the partial changes or the
changes are just indicated. If the recommendations consist of other relevances

such as additional work necessary to obtain resolution, then this work is defined.
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Req~uirement

1. SCOPE AND CLASSIFICATION

I. 1 Scope. This specificat'on contains the requirements for the flying quaIit ie4 of U.S.
military-pi toted airplanes.

Comparison

The C-5A was designed to meet MIL-F-8785(ASG), Amendment-4, 17 April 1959,
FAR 25 and some special requirements added by the procuring activity. Therefore, complete
compliance with MIL-F--8785B(ASG) is not possible.

Disc ussion

None

Recommendation

None
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Requirement

1.2 Application. The requirements of this specificction. shall be applied to assure thatno limitations on flight safety or on the capability to perform intended missions will resultfrom deficiencies in flying qualities. The flying qualities for all airplanes proposed or
contracted for shall be in accordance with the provisions of this specification unless
specific deviations are authorized by the procuring activity. Additional or alternate
special requirements may be specified by the procuring activity.

Comparison

As stated in Section 1 .1, the C-5A was not designed to comply with MIL-F-8785B(ASG)requirements. Had MIL-F-8785B(ASG) been applicable at the time the C-5A contrect was
initiated it is felt that some deviations would have been necessary.

Discussion

It has been amply demonstrated through flight test and operational use that the C-5Aperforms its intended mission with no limitations on flight safety resulting rrom deficienciesin flying qualities. Although, as pointed out in the report, there are quite a few areas
where compliance with MIL-F-8785B(ASG) cannot be shown. Consequently, some meansof deviating from these requirements would be necessary to keep contract cost within areasonable range. Paragrnph 1 .2 provides this provision in the second sentence by
allowing deviations to be authorized by the procuring activity. The C-5A program,
therefore, supports the requirements and wording of this paragraph.

Recommendation

None
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Requirement

1.3 Classification of airplanes. For the purpose of this specification, an airplane shall
be placed in one of the following Classes:

Class I Small, light airplanes such as
Light utility
Primary trainer
Light observation

Class 1l Medium weight, low-to-medium maneuverability airplanes such as
Heavy utility/search and rescue
Light or medium transport/cargo/tanker
Early warning/electronic countermeasures/airborne command, control, or

communications relay
Antisubmarine
Assault transport
Reconnaissance
Tactical bomber
Heavy attack
Trainer for Class II

Class III Large, heavy, low-to-medium maneuverability airplanes such as
Heavy transport/cargo/tanker
Heavy bomber
Pairol/early warning/electronic countermeasures/oirbome command,

control, or communications relay
Trainer for Class Ill

C loss IV High-maneuverability airplanes such as
F;ghterinterc eptor
Attack
Tactical reconnoissance
Observation
Trainer for Class IV

The procuring activity will assign an airolone t one of these Classes, and the require-
menws for that Class shall apply. When no Class i4 specified in a requirem.ent, the
requirement shall apply to oil Classes. When opvati iol rnission, so dictate, an airplane
of one Class may be r,.quired by the procurin9 activty to )ieet selected requirements
ordinarily spe(Afied foý a4epL- oy o noth~e C oss.

1.3.1 Land- or i:,ririet--ba• isi•ngation. The letter -L following a Class designation
identif an opb1"le i aad, ookd cvre'-bosed oirplanes are similorly identified by -C.
"/hen no such diffefe.-ftkin ih. tawdo, it a requieorent, the requirement %hat,'pply to
both land-based oa rr -,as.d -. e



Comparison

The Lockheed C-5A is Class III Heavy Transport Airplane with no operational mission
requirements which would require complying with any other Class requirements.

Discussion

None

Recommendations

None
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Requirement

1.4 Flight Phase Categories. The Flight Phases have been combined into three Categories

which are referred to in the requirement statements. These Flight Phases shall be con-

sidered in the context of total missions so that there will be no gap between successive

Phases of any flight and so that transition will be smooth. When no Flight Phase or

Category is stated in a requirement, that reauirement shall apply to all three Categories.

In certain cases, requirements are directed at specific Flight Phases identified in the

requirement. Flight Phases descr~ptive of most military airplane missions are:

Nonterminal Flight Phases:

Category A - Those nonterminal Flight Phases that require rapid maneuvering, pre-
cision tracking, or precise flight-path control. Included in this
Category are:

a. Air-to-air combat (CO) e. Reconnaissance (RC)

b. Ground attack (GA) f. In-flight refueling (receiver)
(RR)

c. Weapon delivery/launch
(WD) g. Terrain following (TF)

d. Aerial recovery (AR) h. Antisubmarine search (AS)

i. Close formation flying (FF)

Category B - Those nonterminal Flight Phases that are normally occomplis!ed using
gradual maneuvers and without precision tracking, although accurate
flight-path control may be required. Included in this Category are:

a. Climb (CL) e. Descent (D)

b. Cruise (CR) f. Emergency descent (ED)

c. Loiter (LO) g. Emergency deceleration (DE)

d. In-flight refueling h. Aerial delivery (AD)
(tanker) (RT)

Terminal Flight Phases:

Category C - Terminal Flight Phases are normally accomplished using gradual
maneuvers and usually require accurate flight-path control. Included
in this Category are:
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a. Takeoff (TO)

b. Catapult takeoff (CT)

c. Appioach (PA)

d. Wave-off/go-around (WO)

c. Landing (L)

When necessary, recategorization or addition of Flight Phases or delineation of require-
ments for special situations, e.g., zoom climbs, will be accomplished by the procuring
activity.

Comparison

The C-5A total mission requirements correspond primarily with Flight Phase Categories
B and C, although in-flight refueling and tzrrain following missions correspond to
Category A Flight Phase.

Comparison of .he C-5A airplane flying qualities with the requirements of this Speci-
fication will involve the following Flight Phases:

Category A - In-flight refueling (receiver) (RR)

Category B - Climb (CL)
Cruise (CR)
Descent (D)
Aerial delivery (AD)

Category C - Takeoff (TO)
Approach (PA)
WVave-off/go-around (WO)
Landing (L)

Discussion

As noted in the preceding paragraph, flying qualities data are not included in this
report for the terrain following (TF) mission. The reasons are as follows:

I Flying qualities data were not recorded during the flight test development of the
Terrain Following/lerrain Avoidance (TF/TA) missions since at that time there
were no requirements.

2. If -uitable instrumentation had been included on the TF/`TA development test
vehicle for recording flying qualities type data, the results for either the fully
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automatic mode or the manual mode would be more applicable for comparison with
MIL-F-9490 and MIL-F-18372 requirements instead of MIL-F-8785B(ASG)
requirements. In addition, in order to acquire the necessary data to determine
compliance with applicable MIL-F-8785B(ASG) requirements, test maneuvers
would have to be performed which are not consistent with normal TF/TA
maneuvers.

A change in the requirements is not recommended to cover the C-5A TF/TA
mission, since it is felt that a deviation to the specification could be included in
the initial contractual requirements for cases similar to the one discussed here.

Recommendation

None
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Requirement

1 .5 Levels of flying qualities. Where possible, the requirements of section 3 have been
stated in terms of three values of the stability or control parameter being specified.
Each value is a minimum condition to meet one of three Levels of acceptability related to
the ability to complete the operational missions for which the airplane is designed. The
Levels are:

Level 1 Flying qualities clearly adequate foa the mission Flight Phase

Level 2 Flying qualities adequate to accomplish the mission Flight Phase, but
some increase in pilot workload at degradation in mission effectiveness,
or both, exists

Level 3 Flying qualities such that the airplane can be controlled safely, but pilot
workload is excessive or mission effectiveness is inadequate, or both.

Category A Flight Phases can be terminated safely, and Category B and
C Flight Phcaes can be completed.

Comparison

None

Discussion

None

Recommendation

None

36



Requirement

2. APPLICABLE DOCUMENTS

2.1 The following documents, of the issue in effect on the date of invitation for bids or
request for proposal, form a part of this specification to the extent specified herein:

SPECIFICATIONS

Military

MIL-D-8708 Demonstration Requirements for Airplanes
MIL-F-9490 Flight Control Systems - Design, Installation and Test of, Piloted

Aircraft, General Specification for
MIL-C-18244 Control and Stabilization Systems, Automatic, Piloted Aircraft, General

Spec ification for
MIL-F-18372 Flight Control Systems, Design, Installation and Test of, Aircraft

(General Specification fcr)
MIL-S-25015 Spinning Requirements for Airplanes
MIL-W-25140 Weight and Balance Control Data (for Airplanes and Rotorcraft)

STANDARDS

MIL-STD-756 Reliability Prediction

(Copies of documents required by suppliers in connection with specific procurement
functions should be obtained from the procuring activity or as directed by the contracting
officer.)

Comparison

The C-5A airplane design is defined in Lockheed Specification Number CP40002-|B.

Discussion

None

Recommendation

None
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Requirement

3. REQUIREMENTS

3.1 General requirements

3.1.1 Operational missions. The procuring activity will specify the operational missions
to be considere y the contractor in designing the airplane to meet the flying qualities
requirements of this specification. These missions will include the entire spectrum of
intended operational usage.

Comparison

The Contract End Item Detail Specification, Reference 1, specifies the following
missions or use allocated to the C-5A:

"1.2 Intended Use - The use allocated to the air vehicle by the 410A Heavy Logistic
Support Specification, SS40001, is as follows:

a. To provide transportation for the required payloads at high subsonic speeds to
objective areas in any region in the world.

b. To provide capability to transport tactical ground vehicles and equipment
(including ballistic missiles) which are outsized for the air transport systems
now in Government inventory.

c. To provide capability of world-wide, all weather operation into all estab-
lished air bases and operations on a limited basis into support area airfields.
The air vehicle will bt: employed in inter- and intra-theater operations.

d. To provide capability for aeriol delivery of cargo and paratroop drop when
fitted with the appropriate special mission kit(s)."

"3 .1 .2.5 In-Flight Refueling - The air vehicle shall have performance characteris-
tics which permit in-flight refueling from the V1C-135 tanker system."

Additional missions are specified in terms of performance parameters (payload-range,
takeoff distance, etc.) which are not directly applicable to flying qualities requirements.

Disc ussion

The C-5A design spec ifkcation(s), relating to flying qualities, is not specified in terms
of operational missions or intended usage as defined by this requirement. The specifications
dealing with flying qualities were gunerally eAtracted from MIL-F-8785(ASG) and FAR
Part 25 with a few special requirements added by the procuring activity. These requirements
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are, in general, directed to airplane configuration, which probably implies operational
mission rather than specifying missions for design purposes.

The following basic airplane configurations were investigated for handling qualities
design of the C-5A:

Configuration Power, gear, flaps

CRUISE (CR) Power for level flight at trim speed, flaps
and gear up.

DIVE (D) 25% normal power, flaps and gear up.

GLIDE (G) Idle power, gear and flaps up.

POWER (P) Normal power, gear and flap-up.

POWER APPROACH (PA) Power for level flight at 1.3Vs, gear
down, flaps 250, slats 220.

LANDING (L) Idle power, gear down, flaps 400, slats
220, spoilers 30

WAVE-OFF (WO) Takeoff power, gear down, flaps 400,
slats 220, spoilers 30.

TAKEOFF (TO) - 25c Power for level flight at 1.3Vs, gear
down, flaps 259, slats 22°.

AERIAL DELIVERY (AD) Power for level flight at 30 deck angle,
gear up, flaps as necessary.

Recommendation

Flying qualities analysis experience on the C-5A, as well as other previous Class III
airplanes (C-141 and C-130), supports this requirement. It is considered that good mission
definition will be extremely useful to the flying qualities engineer.

39



Requirement

3.1.2 Loading. The contractor shall define the envelopes of center of gravity and

corresponding weights that will exist for each Flight Phase. These envelopes shall include
the most forward and aft center-of-gravity positions as defined in MIL-W-25140. In addi-

tion, the contractor shall determine the maximum center-of-gravity excursiors attainable

through failures in systems or components, such as fuel sequencing, hung stores, etc., for

each Flight Phase to be considered in the Failure States of 3.1 6.2. Within these

envelopes, plus a growth margin to be specified by the procuring activity, and for the

excursions cited above, this specification shall apply.

3.1.3 Moments of inertia. The ccntractor shall define the moments of inertia associated

with all loadings of 3.1 .2. The requirements of this specification shall apply for all
moments of inertia so defined

Comparison

The design center of gravity limits are presented in Fig. 1(3.1,2) and the associated
moments of inertia are presented in Figures 1 (3.1.3) through 6(3.1.3). These data are
generally applicable to all fl;ght phases since the cargo loading or placement is adjusted
to provide a center of gravity within these limits, for any gross weight, and the inertia

data have been defined as boundaries of fuel and cargo combination. It is not clearly
indicated that a growth margin was considered when these envelopes were established.

Disc ussion

These requirements seem to im•ply that unique and different envelopes always exist for
each Flight Phase. When this is the case, it is reasonable to require the definition of
representative envelopes, which span the condition, encounte~ed.

The inherent cargo loading capability of large Class IIl, cargo type airplanes permits
the definition of envelopes for des;tjn which cai be applied to each Flight Phase. From a

flying qualities analysis vie+,po~nt, the specified growth margin, as such, would be of
little practical interest since the total envelopu must be considered for specification
compliance.

ke.: ommendation

None (for Class III, cargo-type airplanes)
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Requirement

3.1.4 External stores. The requirements of this specification shall apply for all combina-
tions of external stores required by the operational missions. The effects of external stores
on the weight, moments of inertia, center-of-gravity position, and aerodynamic charac-
teristics of the airplane shall be considered for each mission Flight Phase. When the stores
contain expendab• loads, the requirements of this specification apply throughout the range
of store loadings. The external stores and store combinations to be considered for flying

qualities design will be specified by the procuring activity. In establishing external
store combinations to be investigated, consideration shall be given to as> nmetric as well

as to symmetric combinations.

Comparison

The C-5A is not equipped tc carry external stoies.

Disc ussion

None

Recommendction

None
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Requi remient

3.1.5 Configurations. The requirements of this specification shall apply for all con-figurations required or encountered in the applicable Flight Phases of 1 .4. A (crew-)selected configuration is defined by the positions and adjustments of the various selectors
and controls available to the crew except for rudder, aileron, elevator, throttle, andtrim controls. Examp -s ore: the flap control setting and the yaw damper ON or OFF.
The selected configurations to be examined must consist of those requisoed for performance
and mission accomplishment. Additional configurations to be investigated may be defined
by the procuring activity.

Comparison

None

Discussion

None

Recommendotia,

None
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Requi rement

3.1.6 State of the Airplane. The state of the airplane is defined by the selected
configuration together with the functional status of each of the airplane components or
systems, throttle setting, weight, moments of inertia, center-of-gravity position, and
external store complement. The trim setting and the positions of the rudder, aileron, and
elevator controls are not included in the definition of Airplane State since they are often
specified in the requirements.

Certain items, such as weight, moments of inertia, center-of--gravity position, wing sweep,
or thrust setting may vary continuously over a range of values during a Flight Phase. The
contractor shall replace this continuous variation by a limited number of values of the
parameter in question which will be treated as specific states, and which include the most
critical values and the extremes encountered during the Flight Phase in question.

3.1.6.1 Airplane N-rmal States. The contractor shall define and tabulate all pertinent
items to describe the Airplane Normal (no component or system failure) State(s) associated
with each of the applicable Flight Phases. This tabulation shall be in the format and shall
use the nomenclature shown in 6.2.

Comparison

Table I lists the airplane normal states.

Discussion

None

Recommendation

None
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Requirement

3.1.6.2 Airplane Failure States. The continctor shall define and tabulate all Airplane

Failure States, which consist of Airplane Normel States modified by one or more malfunc-

tions in airplane components or systems; for example, a discrepancy between a selected

configuration and an actual configuration. These malfunctions that result in center-of-

gravity positions outside the center-of-gravity envelope defined in 3.1.2 shall be

included. Each mode of failure shall be considered. Failures occurring in any Flight

Phase shall be considered in all subsequent Flight Phases.

Comparison

A complete list of the Airplane Failure States for an airplane as complex as the C-5A

is not considered within the scope of this study. However, the following summary is

provided which list the Failure States that were evaluated as a part of the Category I/Il

test program. Results from a majority of these tests are presented in Reference 2.

SUMMARY OF FAILURE STATES

1. Flaps Up Landing: Simulated failure in flap system that
prevented flap movement from full up position

2. Slat Retracted Operation: Failure of slats to fully extend when flops

moved from retracted to approach position.
Evaluated throughout envelope from stall to
landing.

3. Failed Stabilizer: Stabilizer foiled in most adverse position.
Remaining flight phase missions accomplished

including landing.

4. Outboard Engine Inoperative: Entire mission from ground handling, takeoff,
climb, cruise, and landing with engine out.

5. Two Engines Inoperative on Sami Side: Controllability evaluated in flight.

6. One Hydraulic System ('2) Inoperative: Failure in '2 hydraulic system. Remaining
mission and landing accomplished.

7. Two hydraulic systems (*2 & #3) Failures in two hydraulic systems with resulting

Inoperative: floatinq control surfaces (inboard elevator,
lower rudder and spoiler panels). Reduced
flight envelope. Landing accomplished.

8. Runaway Stabilizer Trim: Failure within system that resulted in stabi-

lizer movement to nose up and to nose down
!imits in cruise configuration. Sufficient

elevotof to coun ter act runaway.
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9. Failed Inboard Thrust Reverser: Failure of inboard thrust reverser to retract to
stowed position in flight. Limited flight
envelope Landing accomplished. Failure
also evaluated during takeoff abort.

10. SAS Inoperative: Complete SAS failure. No affect upon
operational limitations.

11. Failed Spoiler Panel Connecting Rod: Failure in connecting rod that resulted in
floating panel. No resulting limitations,

12. Autopilot Hardovers: Simulated failure in AFCS that resulted in
control surface hardover in pitch, yaw, and
roll axes. Operation restricted in that AFCS
must be disengaged.

Discussion

Insufficient comparison data for complete specification validation.

Rec ommendation

None



Requi rement

3.1.6.2.1 Airplane Special Failure States - Certain components, systems, or combina-
tions thereof may iciave extremely remote probability of failure during a given flight.
These failure probabilities may, in turn, be very difficult to predict with any degree of
accuracy. Special Failure States of this type need no,"- be considered in complying with
the requirements of Section 3 if justification for considering the Failure States as Special
is submitted by the contractor and approved by the procuring activity.

Comparison

No special Failure State data are submitted herein.

Disc ussion

None

Recommendat~on

None
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Requirement

M3.1.7 Operational Flight Envelope..s. The Operationul Flight Envelopes define the
boundaries in terms of speed, altitude, and load factor within which the airplane must be
capable of operating in order to accomplish the missions of 3.1.1. Envelopes for each
applicable Flight Phase shall be established with the guidance and approval of the procuring
activity. In the absence of specific guidance, the contractor shall use the representative
conditions of Table I for the applicable Flight Phases.

Comparison

The flight envelopes for the C-5A were specified for the various airplane configurations
and structural design conditions rather than for specific mission accomplishment and flight
phase, as currently required. As mentioned previously (3.1. 1) the applicable Flight
Phase(s) has to be assigned by implication of configuration. Table 2, along with Figures
1(3.1.7) and 2(3 1 .7) sumitnatize the operational envelopes for Flight Phase Categories A
and B. Figure 1(3.1.7) presents the cruise (CR) and climb (CL) configuration snd Figure
2(3.1.7) presents the three descent configurations.

The ENROUTE descent is accomplished in the CR cionfiguration with engines retarded
to flight idle power. The GEAR DOWN descent uses gear down, engines I and 4 in flight
idle and engines 2 and 3 in reverse idle. These descents w.,ould be associated with Flight
Phase D. The third descent scheedulue (RAPID) is used for flight phase (ED) and is accom-
plished with the gear up, engines I and 4 in flight idle and engines 2 ond 3 in reverse
idle. Figure 3(3.1 7) presents the operational flight envelopes for' the Flight Phase
Category C configurations.

Discussion

C-5A data suppoirs thi, requietwent.

Rec ommendation

None
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Table 2. Operational Flight Envelope

FLIGHT PHASE CATEGORY A

AIRSPEED (KCAS) ALTITUDE (FT) LOAD FACTOR

FLIGHT PHASE V V h h n n 0
m max min max min max

Inflight Refuel (RR) 240 270 25,000 30,000 0.50 2.0

Terrain Following (TF) 200 350 MSL 10,000 0 2.5

FLIGHT PHASE CATEGORY B

Climb (CL) See Figure 1(3.1.7)

Cruise (CR) See Figure 1(3.1.7)

Loiter (LO) 145 300 5,000 20,000 0.50 2.0

Descent (D) See Figure 2(3.1.7)

Emer. Descent (ED) See Figure 2(3.1.7)

Aerial Delivery (AD) 130 200 MSL 20,000 0 2.0

FLIGHT PHASE CATEGORY C

See Figure 3(3.1.7) 7)
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Requirement

3.1.8 Service Flight Envelopes. For each Airplane Normal State the contractor shall

establish, subject to the approval of the procuring activity, Service Flight Envelopes
showing combinations of speed, altitude, and normal acceleration derived from airplane
limits as distinguished from mission requirements. For each applicable Flight Phase and
Airplane Normal State, the boundaries of the Service Flight Envelopes can be coincident
with or lie outside the corresponding Operational Flight Envelopes, but in no case shall
they fall inside those Operational boundaries. The boundaries ef the Service Flight
Envelopes shall be based on considerations discussed in 3.1.8.1, 3.1.8.2, 3.1.8.3, and
3.1.8.4.

3.1.8.1 Maximum service speed. The maximum service speed, V aorM m for each

altitude is the lowest of:

a. The maximum permissible spccd

b. A speed which is a safe margin below the speed at which intolerable buffet or struc-
tural vibration is encountered

c. 1 he maximum airspeed at MAT, for each altitude, for dives (at all angles) from VMAT

at all altitudes, from which recovery can be made at 2,000 feet above MSL or higher
without penetrating a safe margin from loss of control, other dangerous behavior, or
intolerable buffet, and without exceeding structural limits.

3.1.8.2 Minimum ser.'.ie speed. Thi. minimum service speed, Vmn orm, for each

altitude, is the highest of:

a. 1.1 VS

b. V S' 10 knots equivalent airspeed

c. The speed belov, Ah.ich full aiiplane-nose-up elevator control power and trim are
insufficient to maintain straight, steady tlight

d. The loarest speed at Ahich Ive, flight can be maintained with MRT

and, for Category C Flight Phases:

e. A speed limited by reduced visibility or an extreme pitch attitude that would result in
the tail or aft fuselage contacting the ground.

3.1.8.3 Maximum service altitude. The maximum service altitude, hmax, for a given
speed is the maximum altitude at w--lich a rate of climb of 100 feet per minute can be main-
tained in unaccelerated flight with MAT.

3.1.8.4 Service load fators. Mrximum and minimum service load factors, n(4)'n(-)],
shall be estais-'lr d as a function of speed for several significant altitudes. The maximum
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minimum service load factor, when trimmed for 1g flight at a particular speed and
altitude, is the lowest highest algebraically of:

a. The positive negative structural limit load factor

b. The steady load factor corresponding to the minimum allowable stall warning angle of
attack (3.4.2.2.2)

c. The steady load factor at which the elevator control is in the full airplane-nose-up
nose-down position

d. A safe margin below above- the load facto, at which intolerable buffet or structural
vibration is encountered.

Comparison

The service flight envelopes are presented in Figure 1(3. 1 .8) through 5(3.1 .8) for each
airplane configuration and applicable (implied) flight phase. Structural design limits
establish the maximum service or permissible speed. The minimum service speed is limited
by the highest of 1.1 V or V • 10 knots (defined by the stall indication system) except for
the L configuration (Caoegory'C), which is limited to 1 .3 Vs by geometry considerations.
The maximum service altitude is limited by power or thrust available and the maximum
service load factors (n-), n(-) are limited by structural considerations and the shaker onset
schedule.

Discussion

The present structural design limit conditions were utilized to establish the Service
Flight Envelopes. The C-5A data favorably compares with these requirements.

Recommendation

Non e
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Requirement

3.1 .9 Permissible Flight Envelopes. The Permissible Flight Envelopes encompass all
regions in which operation of the airplane is both allowable and possible. These are the
boundaries of flight conditions outside the lervice Flight Envelope which the airplane is
capable of safely encountering. Stalls, po.t stall gyrations, spins, zooms, and some dives
may be representative of such conditions. The Permissible Flight Envelopes define the
boundaries of these areas in tcruis of speed, altitude, and load factor

3.1.9.1 Maximum permissible speed. The maximum permissible speed for each altitude
shall be the lowest of:

a. Limit speed based on structural considerations.

b. Limit speed based on engine considerations

c. The speed at which intolerable buffet or structural vibration is encountered

d. Maximum dive speed at MAT for each altitude, for dives (at all angles) from VMAT at
all altitudes from which dive recovery at 2000 feet above MSL or higher is possible with-
out encountering loss of control or other dangerous behavior, intolerable buffet or struc-
tural vibration, and without exceeding structural limits.

3.1.9.2 Minimum permissible speed. The minimum permissible speed in ig flight is V as
defin(ed in 6.2.2 0r3.I. 9 2. I.

3.1.9.2.1 Minimum permissible spee:d o~her than ,.tall speed. For some airplanes,
considerations other than maximum lift determine the minimum permissible speed in ig
flight (e.g., ability to perform altitude corrections, excessive sinking speed, ability to
eVecute a wave-off (go-around), etc .). In such cases, an arbitrary angle-of-attack limit,
oi similar minimum speed and maximum load factor limits, shall be established for the
Peimissible Flight Envelope, subject to the approval of the procuring activity. This

defined minimum permissiblh speed shall be used as VS in all applicable requirements.

C ornporiýion

The permissible flight envelopes c.e presented in Figures 1(3.1.9) through 5(3.1.9).
The comparison and disussior. of Requifement (3.1 .8) wi!l genetoily apply to this
requitement.

Discussion

None

k,-cominendation

None
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Requirement

3.1.10 Applications of Leve!s. Levels of flying qualities as indicated in 1.5 are
employed in this spec ification in realization of the possiblity that the airplane may berequired to operate under abnormal conditions. Such abnormalities that may occur as a
result of either flight outside the Operational Flight Envelope or the failure of airplanecomponents, or both, are permitted to comply with a degraded level of flying qualities as
specified in 3.1.10.1 through 3.1.10.3.3.

3.1.10.1 Requirements for Airplane Normal States. The minimum required flying
qualities for Airplane Normal States (3.1.6.1) are as shown in table II.

TABLE II. Levels for Airplane Normal States

Within Within
Operational Flight Service Flight

Envelope Envelope

Level 1 Level 2

Comparison

None

Discussion

None

Rec ommendaKon

None
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Requirement

3.1.10.2 Requirements for Airplane Failure States. When Airplane Failure States exist
(3.1.6.2), a degradation in flying qualities is permitted only if the probability of
encountering a lower Level than specifie-d in 3.1.10.1 is sufficiently small. At intervals
established by the procuring activity, the contractor shall determine, based on the most
accurate available data, the probability of occurrence of each Airplane Failure State per
flight and the effect of that Failure State on the flying qualities within the Operational
and Service Flight Envelopes. These determinations shall be based on MIL-STD-756
except that (a) all airplane components and systems are assumed to be operating for a
time period, per flight, equal to the longest operational mission time to be considered by
the contractor in designing the airplane, and (b) each specific failure is assumed to be
present at whichever point in the Flight Envelope being considered is most critical (in the
flying qualities sense). From these Failure State probabilities and effects, the contractor
shall determine the overall probability, per flight, that one or more flying qualities are
degraded to Level 2 because of one or more failures. The contractor shall also determine
the probability that one or more flying qualities ore deorad,.d to Level 3. These proba-
bilities shall be less than the values shown in table I1l.

TABLE IlI Levels for Airplane Failure States

Probability of Withi'n Operational Within Service
Encountering Flight Enveiope Flight Envelope

Level 2 after failure -10-2 per flight

Level 3 after failure j _ _0-4 per fIight" 10-2 per flight

In no case shall a Failure State (except on approved Special Failure State) degrade any
flying quality outside the Level 3 Imit.

Compari son

The basis for the initial design of the C-5A was thxt no single failure would degrade
handling charocrte|istics; and thn. effect of a second failure should not preclude completion
of the mission, with some degradation in handling choracteristics, and performing a safe
landing. At this point it is evident that ample conservatism was included in the initialdesign. The fact is borne out in the test results presented herein. In some sections of the
spec ification compliance with Level I requi-rLemeofs con be shown with SAS inoperative.
However, some Level 2 requirements cannot be met with SAS operative. During the con-
duct of the Category 1/11 flight test program, ample tests were conducted with the SASintentionally disengaged. These were conducted with one engine inoperative and with
two engines inoperative on the same side. Results were also obtained with a single and with
two hydraulic system(s) depressurized. i-or the purpose of this report SAS inoperative results
have been compared with Level 2 requirements. Although, the SAS is triple redundant.
Accurate failure rate data, which is not available, could possibly alter wnme assignment of
failure test results presented in this report. Results oJ.btained with a s-gle hydraulic system
depressurized hove been compared with Level 2 requirements, while results with two
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hydraulic systems depressurized hove been related to Level 3 conditions. Here again
accurate failure rate data could change this. Due to reasons summarized here, a
meaningful comparison of C-5A data with the requirements of this paragraph is not
feasible.

Disc ussion

Due to insufficient C-5A failure effects data and the reasons stated above, the validity
of this requirement cannot be substantiated.

Recommendation

None
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Requirement

3.1.10.2.1 Requirements for specific failures. The requirements on the effects of
specific types of failures, e.g., propulsion ot flight control system, shall be met on the
basis that the specific type of failure has occurred, regardless of its probability of
occurrence.

3.1.10.3 Exceptions

3.1.10.3.1 Ground operation and terminal Flight Phases. Some requirements pertaining
to takeoff, landing, and taxiing involve operation outside the Operational, Service and
Permissible Flight Envelopes, as at VS or on the ground. When requirements are stated at
conditions such as these, the Levels shall be applied as if the conditions were in the
Operational Flight Envelope.

3.1.10.3.2 When Levels are not specified. Within the Operational and Service Flight
Envelopes, all requirements that are not identified with specific Levels shall be met under
all conditions of component and system failure except approved Airplane Special Failure
States (3.1.6.2.1).

3.1.10.3.3 Flight outside the Service Flight Envelope. From all points in the Permissible
Flight Envelopes, it shall be possible readily and sofely to return to the Service Flight
Envelope without exceptional pilot skill or technique, regardless of component or system
failuret. T!'a: requirements on flight at high angie of attack, dive characteristics, dive
recovery devices, ond on approach to dangerous flight conditions shall also apply.

Comparison

None

Discussion

No-ne

Recommendotion

None
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Requirement

3.2 Longitudinal flying qualities

3.2.1 Longitudinal stability with respect to speed

3.2.1.1 Longitudinal static stability There shall be no tendency for the airspeed to
diverge aperiodically when the airplane is disturbed from trim with the cockpit controls
fixed and with them free. This requirement will be considered satisfied if the variations of
elevator control force and elevator control pnsition with airspeed are smooth and the local
gradients stable, with:

Trimmer and throttle controls not moved from the trim settings by the crew, and

1g acceleration normal to the flight path, and

constant altitude

over a range about the trim speed of =15 percent or =50 knots equivalent
a irspeed, whichever is less (except where limited by the boundaries of the
Service Flight Envelope). Stable gradients mean incremental pull forces and
aft displacement of the elevator control to maintain slower airspeeds and the
opposite to maintain faster airspeeds. . The term gradient does not include that
portion of the control force or control position versus airspeed curve within
the preloaded breakout force or ifction range.

Comparison

Static longitudinal stability tests were conducted on the C-SA in each of the takeoff,
approach, landing, cruise, dive, aerial delivery, glide and wave-off configurations
throughout the appropriate speed range. Each flight test was conducted using the following
procedure. The airplane was trimmed "hands off" at the appropriate trim speed. Without
changing power setting or trim setting, the airplane was stabilized at speeds below and
above the trim speed within the range of -15 percent cr =50 KIAS, whichever was less.
Typical results from these tests, presented in Figures 1(3.2.1 . 1) through 6(3.2.1. 1), show
that in order to stabilize at speeds less than the trim airspeed an aft movement of thecontrol
column displacement was required along with on increase in pull control fe,-.es. In order
to stabilize at speeds above the trim sp,-d a push forward on the control column was
required. Since power was tnot changed during any of these runs the airplane climbed
slightly at speeds less than the trim value and descended at speeds greater than trim. The
variation in altitude experienced during any run was kept within ± 2,000 feet of the trim
altitude. Test results presented in Figures 1(3.•2.1 1) through 6(3.2.1 .1) show smooth
variation of stick position and force with airspeed along with stable loco, gradients. It is,
therefore, concluded that the C-5A comply with requirements of this paragraph. In addi-
tion, pilot comments indicatcd no adverse characteristics.
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a

Disc ussion

The portion of the second paragraph which states "constant altitude" is incompatible
with the first portion whic h states "trimmer and throttle controls not moved tram the trim
settings by the crew." There is no way to conduct these tests at a constant altitude
unless power is varied. It is not recommended to alter the trim power setting during the
subject tests since a variation in thrust has more of an effect on airplane pitching moment
than a slight variation in altitude. Therefore, the requirement should be changed to
permit a variation in altitude during the conduct of these tests.

Recommendation

It is recommended that "constant altitude" be replaced by "altitude within ±t2,000 feet
from trim altitude."
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R 2cuirement

3.2.1.1.1 Relaxation in transonic flight. The requirements of 3.2.1.1 may be relaxed
in the transonic speed range provided any divergent airplane motions or reversals in slope

of elevator control force and elevator control position with speed are gradual and not

objcctionable to the pilot. In no case, however, shall the requirements of 3.2.1.1 be

relaxed more than the following:

a. Levels I and 2 - For center-stick controllers, no local force gradient shall be

more unstable than 3 pounds per 0.01 M nor shall the force change exceed 10

pounds in the un!'oble direction. The corresponding limits for wheel controllers

are ' pou,,ds per 0.01 M and 15 pounds, respectively.

b. Level 3 -- For center-stick controllers, no local force gradient shall be more
unstable thcun 6 pounds per 0.01 M nor shall the force ever exceed 20 pounds in
he unstable direction. TRe corresponding limits for wheel controllers are 10

pounds Per 0.01 M and 30 pound:., respectively.

This relaxation does not upply to l.evel 1 for any Flight Phase which requires
piolonged transonic oproti n.

Comparison

Results presented in Figure 1(3.2.1 .1 1) show that ihe C-5A longitudinal control
characteristics comply wilh the transonic flight requirements of this paragraph. In addi-
tion, pilot comments noted r.u unusual handlinn characteristics. It wa, also concluded by
the joint Air Force/Company Te.- leam that Mach trim compenoation was not required.
It is, therefore, concluded tf ,J the C-5A cloracteristics compare foort'6ly with this
requirement.

Discussion

The C -5A characteristics compare favorably with this reqjirement.

Recommendation

None
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Requirement

3.2.1.1.2 Elevatur control force variations during rapid speed changes. When the
airplane is accelerated and decelerated rapidly through the operafional speed range and
through the transonic speed range by the most critical combination of changes in power,
actuation of deceleration devices, steep turns and pullups, the magnitude and rate of the
associated trim change shall not be so great as to cause difficulty in maintaining the
desired load factor by normal pilot techniques.

Comparison

Flight test maneuvers consisting of thrust reverser extensions, rapid power changes,
landing gear extension and retraction, flap extension and retractions and cargo door
opening and closing were conducted to evaluate C-5A longitudinal trim change charac-
teristics. Results of these tests are presented in Section 3.6.3.1 and shov that there are
no adverse control force characteristics associated with rapid speed changes. It is,
therefore, concluded that the C-5A characteristics comply favorably with this requirement.

Discussion

C-5A test results support this requirement.

Recommendation

None
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Requirement

3.2.1.2 Phugoid Stability. The long-period airspeed oscillations which occur when the
airplane seeks a stabilized airspeed following a disturbance shall meet the following
requirements:

a. Level 1 - "at least 0.04

b. Level 2 - - at least 0

c. Level 3 - T2 at least 55 seconds

These requirments apply with the elevator control free end alwo with it fixed. They need
not be met transonically in cases where 3.2.1.1.1 permits relaxation of the static stability
requirements.

Comparison

Dynamic longitudinal stability tests were conducted on the C-5A to determine the
frequency and damping characteristics of the long period (phugoid) oscillatory modes
resulting from short duration longitudinal control deflectIons. Results from the flight tests
ore presented in Figure 1 (3.2.1 .2) in the form of phugoid frequency (u; ) versus damping
ratio ('). These data are for the clean configuration and represent resuffs obtained at
gross weights ranging from approximately 500,000 lb to 700,000 lb, altitudes ranging from
10,000 ft to 35.000 ft, Mach numbers ranging from approximately 0.33 to 0.825 (Mh) and
at center of gravity conditions ranging from the forward limit (19.0%) to the aft limit
(41 .0%). A tabulation of the rest results are presented in Table 3.

Table 3. Phugoid Stability Summary - Cruise Configuration

Altitude Required ;7 C.G.
(ft) Mach No. np Level (% MAC)

10,000 0.64 0.056 0.062 0.04 22
10,000 0.64 0.056 0.044 0.04 41
10,000 0.64 0.056 0.058 0.04 22
26,000 0.77 0.058 0.096 0.04 41
35,000 0.825 0.026 0.149 0.04 41
10,000 0.33 0.105 0.106 0.04 22
35,000 0.54 0.105 0.048 0.04 22
10,000 0.39 0.080 0.028 0.04 41
10,000 0.39 0.091 0.027 0.04 22
35,000 0.70 0.075 0.025 0.04 41
35,000 0.70 0.088 0.042 0.04 22
26,000 0.60 0.070 0.024 0.04 41
26,000 0.60 0.070 0.030 0.04 22
26,000 0.66 0.065 0.045 0.04 22
26,000 0.66 0.096 0.030 0.04 41
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A itview of the test rusults show that the higher damping data were obtained at Mach

number conditions in excess of 0.75 M where drag rise due to speed (CDU) is the primary

.ontributct to higher damping. Normal cruise for the C-5A is 0.76 M to 0.79 M. It

should also be noted that the conditions under which the 0.04 damping requirement for

Level 1 is not mr-t ate othet than normal cruise. Herein, the period ranged from one

"ilnut. to tAo ,ilndtes and pilot rt.ports do not indidatz: any annoyance due to trim diffi-

:ulty o, any control problem assoc;ct,.d with the longitudinal phugoid.

Tests ,.erv cond&-td at I _.,• , irn t:1, tal..eoff.'approch configuration and the results

tabulatd in Toale 4 show a 4.id, vjriation in darnpinq] charactefristics.

Table 4. Phugid Stab lity Summary

Takeoff. Approach Configuration

Gross
Altitude e..'eigjht C G Required -

0t) (lo) (., MAC) 'no Level

2,000 700, ) Aft 0.0d5 0.0525 0.04

2,000 5fi, 00,G Aft 0.087 0.165 0.04

2,000 675,00U Fmd 0.1161 0.029 0.04

The fla)s down data, li t: the i,,ise r-suIt-, sho., : oat the period (54 to 74 seconds) is

easily contiallable vith no od.-erv,- pilot comments. Ho-wever, the results obtained at the

.ofarard C.G position sno,. nonco7pl',iance vith the 0.04 minimum damping ratio require-

-ents.

Discussion

ktsjlts oa longitudincl ptiuqcu;r l .. onducted on tn' C-.A showv that the damping

ctiO - vaoied fomn obout 9( 024 to ' 165 tr)r L,.vl I _onditions, not completely complying
.it',: tl,e 0.04 reauirernents 3f it-:;: ,! •, P~i-.t _-onrn,:nts corresponding to these results

aeraged about 3.5 ,.ich art- lr L,-,I _ oodltfon'. For Level 2 test conditions the

damping ratio is permitted tc. dror t.• z,:ro c -o~respondir,g degradation in pilot rating.

Here tFe inconsistency appears to exist in th, spec;ficaticn requirements for a Class III type

airplane. Test results correspond to Lev.-'l 2 req-uirements, but the pilot ratings correspond

to Lev.I 1 requ;remen's. This inconsistency is consid.r,.d to exist because the Period Lnp

has not been taken into considt-,ation. The C-5A results .vh;cn fell below the 0.04

damping requirement ;iad a c.;iod f.; at least one minute, ,.hich probably affected pilot

,atings considerably. It is, thf:,Jore, concluded that the 0.04 damping requirement for

Level 1 should be relaxed pro Aded that th- fr,-quency of the oscillation is low enough not

to affect trimmability or longitudinal control. it is also evident from these data that the

application of MIL-F-8785B(ASG) longitudinal phugoid requirements to the C-5A initial

design, in lieu of MIL-F-8785(ASG) requirements, would have had an insignificant effect

on overall pilot ratings but wo,.ld have had a significont effect on the initial design and

resulting cost.
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Recommendations

It is recommended that the following note be added to the last paragraph:

"Subject to approval of the procuring activity, relaxation of the Level I
requirements is permitted for conditions where it can be shown that the
period of the oscillation is greater than 30 seconds."
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Requirement

3.2, A.3 Flight-Path Stability. Flight-path stability is defined in terms of flight-path-
angle change where the airspeed is changed by the use of the elevator control only
(throttle setting not changed by the crew). For the landing approach Flight Phase, the
flight-path-angle versus true-airspeed curve shall have a local slope at V which is
negative or less positive than: °min

a. Level ------------- 0.06 degrees/knot

b. Level 2 ------------ 0.15 degrees/knot

c., Leve! 3 ------------ 0 24 degrees/knot

The thrust setting shall be that required for the normal approach glide path at Vomin. The
slope of the flight-path angle versus airspeed curve at 5 knots slower than Vomin
shall not be more than 0.05 degrees per knot more positive than the slope at
Vomin as illustrated by:

+I (Voai nS) V%*31

S I v (TAS), K

II

= K,

/•LCP':.1 .10"

A /7R'EGICN OF RSON O

&F$Er~f INSLOPES SLOPES
ZUIE3 .05 OEGIKT

Comparison

Flight-path stability tests were conducted on the C-5A during a simulated landing
approach at an altitude of 6,000 feet. The airplane was trimmed at I 3VS, (V0 . ) in the
landing configuration with thrust required for a rate of sink of approximately 8068 4'Vnin.
Without changing power setting or trim setting, data were recorded at stabilized speed
conditions of (Vomin ' 5), (Vo0mn - 5), and (Voain - 10). Results of the tests are pre-

sented in Figure No. 1(3.2.1.3) in the form of flight path angle (v.) versus true airspeed.
Flight path angle was obtained by the equation,
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SIN-1 Vertical Speed
True Airspeed

Vertical speed was obtained by differentiating pressure altitude with respect to time.
Radar altimeter data were not available. Presented along with the flight test data are
analytical results computed from thrust required and thrust available data obtained from
flight test performance tests These data show thai at the normal approach speed of
1, 3 Vsl (Vomin) the locai slope of flight-path-angle versus true airspeed is -0.0020 deg/kt,

thus complying with the requirement that the slope should not be more positive than
0,06 deg/kt. In addition, the data also show that the change in slope from V.min to

(Vomin - 5) is 40.0064 deg/kt which also complies with the requirement of not exceeding

+0.05 degkt. Based on the 0,06 deg/kt requirement and Figure 1(3,2.1.3) data, the
C-5A landing approach speed could be as low as 1,2 Vs,

Discussion

The second sentence of the first paragraph which states, "For the landing approach...,"
is not clear. The sentence should be revised to state the acceptable range of slope of
flight-path-angle versus true airspeed

Reference 3 suggests that a radar altimeter be utilized to determine vertical speed for
calc-,Iating flight-path-angle, This imposes an additional requirement on test instrumen-
tation along with a requirement that the test be conducted over a smooth terrain. The
most straightforward method is to obtain stable airspeed, altitude and free air temperature
data and then calculate the flight path angle from vertical speed and true airspeed. As an
aid in fairing the flight test results, it is also recommended that analytical data from
power required flight test results be utilized for computing flight path angle versus true
airspeed.

Recommendation

It is recommended that the second sentence of the first paragraph be revised as follows:

"For the landing approach flight phase, the flight-path-angle versus true airspeed
shall have a local slope at Vomin which is within the following ranges:

a. Level I - From Positive 0.060 DEGAT to negative slope

b. Level 2 - From positive 0.15 DEG/1%T to negative slope

c. Level 3 - From positive 0.24 DEGAT to negative slope
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Requirement

3.2.2 Longitudinal maneuvering characteristics.

3.2.2.1 Short-period response. The short-period response of angle of attack which
occurs at approximately constant speed, and which may be produced by abrupt elevator
control inputs, shall meet the requirements of 3.2.2.1, 1 and 3.2.2.1.2. These require-
ments apply, with the cockpit control free and with it fixed, for responses of any magni-
tude that might be experienced in service use. If oscillations are nonlinear with amplitude,
?he requirements shall apply to each cycle of the oscillation. In addition to meeting the
numerical requirements of 3.2.2.1 .1 and 3.2.2,1.2, the contractor shall show that the
airplane has acceptable response characteristics in atmospheric disturbances.

3.2.2.1.1 Short-period frequency and acceleration sensitivity. The short-period
undamped natural frequency, In p, shall be within the limits shown in figures 1, 2, and 3.

If suitable means of directly controlling normnc force are provided, the lower bounds on
Lnsp and n,/' of figure 3 may be relaxed if approved by the procuring activity.

3.2.2. 1.2 Short-period damping. The short-period damnping ratio, •S shall be within
the limits of table IV.

TABLE IV. Short-period damping Ratio Limits

Level Category A and C Flight Phases, Category B Flig"t Phases

Minimum Maximum Minimum Maximum

I 0.35 I.30 0.30 2.00

2 0.25 2.00 0.20 2.00
3 0.15' - 0,15'

"May be reduced at altitudes above 20,000 feet if approved by the procuring activity.

Comparison

The short-period response characteristics were investigated with the pitch SAS inopera-
tive at the flight conditions listed in Tables 5 and 6 by both the elevator pulse and
the elevator doublet methods. Either procedure produced essentially the same results. The
short period is well damped with no residual oscillations and is rated by the Jroin A, rQome/
Lockheed Test Teom pilots as good for all Flight Phases.

As stated in Reference 2, the short period oscillations were essentially deadbeat
throughout the flight envelope; consequently, frequency and damping ratio data were not
extracted from the time history plots. In order to compare analytical data with these
requirements, a "curve-fit" technique of flight test data with a theoretic.al short period
shape of kno.4n frequency and damping was employed. Table 7 lists the flight coemaditions
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investigated and Figures 1(3.2,2.1), 2(3.2.2.1), and 3(3.,2.2.1) present the results in the
required format for flight phases A, B, and C, respectively, It should be noted that low
altitude cruise data (Category B) is also applicable for the terrain followinq flight phase
(Category A) and medium altitude (approximately 25,000 ft) cruise data (Category B)
corresponds to the in-flight refueling flight phase (Category A).

The data presented in Table 7 complies with the damping ratio requirements. Although,
neither of the Flight Phase A, B, or C results completely comply with the frequency
requirements. For Category A, only one test condition satisfies the Level 1 requirements
and only three conditions satisfy the Level 2 and 3 requirements. For Category B Flight
Phase, all the data except the high altitude (35,000 ft) satisfy the Level 1 requirements.
For Category C, three te, conditions fall below the Level 1 minimum frequency
requirements.

Discussion

Pitch SAS inoperative data are used for Lcmparison with Level 1 requirements because
the joint Air Force/Lockheed test team concluded that short and long period characteristics
were good without any pitch damping. Short period damping and frequency was not
noticeably affected by operation of the pitch SAS. Pitch SAS operates as a function of
pitch rate only; consequently, its operation affects primarily the long period mode.

Based on the C-5A short period data discussed herein, the Level I and Level 2
trequency requirement envelopes appear to be too high for all Flight Phase categories for
a Class III airplane. Pilot comments indicate that the short period response corresponds to
Level I conditions. However, test results do not completely agree with specification
rquirements. Although the terrain following flight phase is not utilized on C-5A fleet
aircraft yet, the in-flight refueiing phase has been used with very satisfactory results.
It, thcrefore, appears that as an interim measure, the minimum frequency requirements
should be lowered 'or Class III aircraft for Flight Phases A and C. For Flight Phase B, the
lower limit need to be reduced for altitudes above approximately 20,000 ft.

Recommendations

(a) Additional data needs to be obtained for other Class III airplanes to support or revise
the Category A flight phase requirements.

(b) Relative to Category B, the lower bounds of Figure 2 Level 1 should be relaxed for
Class Ill airplanes contingent upon procuring activity approval.

(c) Reduce the lower bounds of Figure 3 Levw1 I by ten percent.
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Table 5. Short Period Response - Category A & B Flight Conditions

CATEGORY CONFIG_ WEIGHT IC v ALT. FT. PITCH CONTROL INPUTCA OYC F WI_ G KCAS ALH._FT (÷), (-) PULSE, DOUBLET

A &B CR 495,850 22.3 180 9,941 X X
A&B CR 644,056 22.6 211 9,943 X X
A&B CR 691,925 22.9 268 10,178 X X
A&B CR 503,200 22.5 269 9,941 X X

B CR 711,725 23.0 352 10,016 X
B CR 521,000 19.6 351 9,993 x x

A & B CR 489,050 140.8 168 10,384 X X X
A & B CR 636,900 39.7 213 10,499 X X
A & B CR 682,700 40.1 270 9,978 X X X
A & B CR 507,991 40.7 265 9,826 X

B CR 699,600 39.8 351 9,961 X X
B CR 545,900 19,7 197 29,321 X

A & B CR 679,945 23.0 240 26,000 X
B CR 1536,100 19.3 257 30,249 X

A & B CR 664,334 22.9 269 26,010 X X
B CR 557,209 21.5 335 26,345 X
B CR 555,050 40.2 196 31,185 X

A & B CR 665,700 40.7 244 26,083 X X
B CR 564,400 40.1 256 29,981 X

A & B CR 698,400 40.1 270 26,000 X X
B CR 680,400 40.4 315 26,145 X
B CR 451,000 40.8 348 20,615 X
B CR 507,945 20.2 186 35,175 X XB CR 496,734 19.8 238 35,134 X
B CR 467,200 140.8 193 34,709 X X
B CR 475,724 40.7 231 36,320 X X X
B CR 499,200 40.7 235 35,045 X X
B CR 513,400 40.5 272 35,175 X X
B D 690,200 22.9 246 12,559 XB D 505,643 40.7 245 14,150 X X X
B D 671,728 40.9 250 26,270 X X X
B D 475,724 40.8 231 34,700 X X X
B AD 624,060 20.3 135 7,815 X X
B AD 683,263 22.4 150 9,046 X X
B AD 514,301 39.9 131 6,203 X X
B AD '6881690 40.6 150 9,100 X
B AD :668,890 40.6 153 9,100 X X X
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Table 6. Short Period Response - Category C Flight Conditions

PITCH CONTROL INPUT
CONFIG. WEIGHT C.G. VKCAS ALT. FT. (-) PULSE, DOUBLET

, H ,, ,,U ,LE

TO. (16) 704,600 22.9 156 10,876 X X

T.O. (16) 720,900 23.2 183 9,569 X X

T.O. (16) 710,750 40.5 156 10,959 X X

T.O. (16) 706,550 40.6 185 11,319 X X

T.O. (25) 489,450 22.2 132 11,183 X X

T.O. (25) 670,900 22.6 149 9,178 X X X

T.O. (25) 674,750 22.8 150 9,704 X X

T 0. (25) 715,800 23,2 183 11,073 X X X

T O. (25) 498,150 40.7 129 9,630 X X

T.O. (25) 684,000 40.4 148 11,513 X

T..O. (25) 661,800 40.6 151 10,470 X X

T.O. (25) 679,150 40.6 186 11,186 X

TO. (25) 489,500 40.5 183 10,107 X X X

L 468,400 19.3 107 9,980 X

L 482,900 21.9 124 11,270 X X

L 661,500 22.8 145 10,187 X X

L 707,200 23.0 163 11,793 X

L 457,116 40.9 1 111 10,227 X X X

L 487,750 40.4 1 126 10,679 X X X

L 636,100 39.6 145 11,704 X X

L 700,150 40.7 165 8,611 X X

L 489,600 40.4 166 10,703 X X X

NOTE: () Pulse - Pull Force on Control
(-) Pulse - Push Force on Control

Doublet - Rapid Force Reversal, Approx. Symmc.rhc
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Table 7. Short Period Response Summary

Flight Data - Curve Fit

CATEGORY CONFIG. WEIGHT C G. VK ALT. r "nsp It sp n/a

C T 0. (25) 670,900 22.6 149 9,178 .65 1.06 .81 4.03

C T.O. (25) 661,800 40.6 151 10,470 .93 .71 .26 4.15

C T.O. (25) 489,500 40.5 183 10,107 .93 1.05 .39 8.40

C L 66! ,500 22.8 145 10,187 .,5 1.01 .77 3.87

C L 636,100 39.6 145 11,704 .84 .76 .41 3.98

C L 700,150 40.7 165 8,611 .89 .77 .35 4.70

A & B CR 495,850 22 3 180 9,941 .63 1.29 1.00 6.50

A&B CR 691,925 422.? 268 10,178 .57 1.81 1.49 10.70

A&B CR 503,200 22.5 269 9,941 .61 1.86 1.47 14.80

A&B CR 682,700 40.1 270 9,978 .76 1.27 .83 10.90

A&B CR 699,600 39.8 351 9,961 .76 1.55 1.01 18.40
A&B CR 698,400 40.1 270 26,000 .61 1.08 .86 11.80

B CR 499,200 40.7 235 35,045 .85 .80 .42 13.00

B CR 513,400 40.5 272 35,175 .78 1.08 .68 18.70

B D 505,643 40.7 245 14,150 .79 1.22 .75 11.70

B D 475,724 40.8 231 34,700 .85 .831 .44 11.40
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Requi remen t

3.2.2.1.3 Residual oscillations. Any sustained residual oscillations shall not interfere
with the pilot's ability to perform the tasks required in service use of the airplane. For
Levels 1 and 2, oscillations in normal acceleration at the pilot's station greater than
±O.05g will be considered excessive for any Flight Phase, as will pitch attitude oscilla-
tions greater than =3 mils for Category A Flight Phases requiring precision control of
attitude. These requirements shall upply with the elevator control fixed and with it free.

Comparison

There are no test data availble for comparison with this requirement; however, it is
reported that the airplane response is well damped with no residual oscillations.

Discussion

None

Recommendation

None

107



Requirement

3.2.2.2 Control Feel and Stability ;n Maneuvering Flight. In steady turning flight and
in pullups at constant speed, increasing pull forces and aft motion of the elevator control
and airplane-nose-up deflection of the elevator surface are required to maintain increases
in normal acceleration throughout the range of service load factors defined in 3.1.8.4.
Increases in push force, forward control motion, and airplane-nose-down deflection of the
elevator surface -ire required to maintain reductions of normal acceleration in pushovers.

Comparison

Tables 8a through 8c presents a summary of maneuvering flight test results obtained on
the C-5A throughout the operational speed envelope and in all configurations. Figures
1(3.2.2.2) through 5(3.2.2.2) present time history data from typical normal and abrupt
symmetrical pull-up and push-down maneuvers. These data, along with the maneuvering
flight summary, show that increasing pull forces along with airplane-nose-up deflection of
the elevator surface are requited to maintain increases in normal acceleration and vice
versa. Consequently, a favorable comparison of the C-5A control feel and stability
characteristics with the requirements of this paragraph is demonstrated.

Discussion

C-5A flight test results compare favorably with this requirement.

Recommendation

None
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Requirement

3.2,2.2.1 Control forces in maneuvering flight. At constant speed in s eady turning
flight, pullups, and pushovers, the variations in elevator-control force with steady-state
normal acceleration shall be approximately linear. In general, departure from linearity
resulting in a local gradient which differs from the average grc.ient for the maneuver by
more than 50 percent is considered excessive. All local force gradients shall be within
the limits of Table V. In addition, whenever the short-pericd frequency is near the upper
boundaries of Figure 1, Fsin should be near the Level I upper boundaries of Table V. This
may-be necessary to avoid abrupt response, sensitivity, or tendencies toward pilot-induced
oscillations. The term gradient does not include that iortki'n of the force versus n curve
within the preloaded breakout force or friction band.

Comparison

A summary of the elevator control force gradient at forward C .G. is presented in
Figure 1(3.2.2.2. 1) which are used to evaluate the maximum values of the requirement.
Figure 2(3.2.2.2. 1) presents a sumr ary of the elevator ccontrol force gradient at aft CoG.

The force per load factor gradients at forward C.G, compare favorably with the Level
1 maximum values; however, the gradients at aft C.G. are below the Level 1 boundary
for five conditions and below the Level 2 boondary for two condlition.

Discussion

The C-5A control force gradients are rated satisfactory and acceptable, which would
tend to substantiate the Level 1 mayimom reqvirerments and tend to question the validity of
the Level 1 minimum requirements.

The minimum boundory of the Level 1 requirement appears to be too high.

Recommendation

Reduce the mirnimum boundury of the Level 1 requirement to 35/nL - I and Level 2

requirement to 30/nL - 1 for -a Class III Airplane which has an nL equal to 2.5.

17



TABLE V. Elevator Maaeuvcring Force Gradient Limits

Center Stick Controllers

Maximui Gradient, IMinirmum Gradient,

Level (F s/n) max pounds per g (F s/n) min, pounds per g

240 The higher of
n/OC 21

1 but not more than 28.0 nL'56
nor less than -an L-I and 3.0

360 The higher of

n/x 18
2 but n~t more than 42.5 n

nor less than d 3.0

3 56.0 3.0

"*For nL < 3, (F /n) is 28.0 for Level 1, 42.5 for Level 2.

Wheel Controllers

Maxim':• Gradicent, Minimu.n Gradient,
Level (Fs/n) max. pounds per g (Fs/n) min pounds per g

Soo 1he higher of

n/g 4S
I but not r.Drc thar, 120.0 nL- 1

nor less ti.an 120 
L6

n C-1 znd 6.0

77S The higher of
n/cc 38

2 but not more than 182.0

nor less than -182L
n' and 6.0
L ,L

240.0 6.0
p-rn
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Requirement

3.2.2.2.2 Control motions in maneuvering flight. Ths elevator-control motions in
maneuvering flight shall not be so large or so small as to be objectionable. For Category
A Flight Phases, the average gradient of elevator-control fc-rce pe:i inch of elevator-
control deflection at constant speed shiall Lbe not lest than 5 pounds for Levels I and 2.

Comparison

Since the C-5A uses a full-power control system, an elevator artificial feel subsystem
is utilized to provide the pilot with appropriate I"feel" forces. Based on flight test data,
the subsystem provides the column with a force per inch of tra-ivel ranging from a minimum
of 5 pounds per inch to a maximum of 15 for both push and pull motions. Therefore, it is
concluded that the C-5A agrees with this requirement.

Discussion

C-5A design and test data compare favorably with this requirement.

Recommendation

None
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Requirement

3.2.2.3 Longitudinal Pilot-Induced Oscillation - There shall be no tendency for pilot-
induced oscillations, that is, sustained or uncontrolled oscillations resulti:ig from the efforts
of the pilot to control the airplane.

Comparison

Throughout the conduct of the C-5A Category i/Il Flight Test Program which accunu-
lated a total of approximately 7,000 flight hours consisting of performance, flying qualities,
loads and systems ýests, there was only one condition in wh;ch a tendency toward a pilot-
induced oscillation occurred. This condition occurred early in the Flight Test Program
during air refueling tests with a KC-135 tanker. As Figure 1(3.2.2.3) shows, the condi-
tion occurred in the precontact position at an altitude of approximately 22,000 feet and
an airspeed of 237 KIAS. The gross weight and center of gravity position were 480,700 lb
and 30% MAC, respectively. At the time these lests were conducted, the longitudinal
control feel system (Pilot-Assist Cable Servo System - PACS) and the pitch axis stability
augmentation system were r.nt in final configuration. It was later conc luded that the P.O
tendency was due to a faulty p~tcti PACS (elevator break-out force w.os 18 Ib) aggrevated
by an out of trim condition existing at the start of the test. Since the time the above test
was conducted, approximately 150 additional air refueling test runs have been conducted
with final production PACS and SAS configurations with no reportd ter.dency toward PIO.
It is, therefore, concluded that the C-5A agrees with the requirements of this section.

Disc ussion

The C-5A results agree with this requirement.

Recommendation

Nooe
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Requirement

3. 2.2.3.1 1. nsient Control Forces. The peak elevator-control forces developed during

abrupt maneuvers shall not be objectionably light, and the buildup of control force during
the maneuver entry shall lead the buildup of normal acceleration. Specifically, the
following requirement shall be met when the elevator control is pumped sinusoidally. For
all input frequencies, the ratio of the peak force amplitude to the peak normal load factor
amplitude at the c .g. measured from the steady oscillation, shal! be greater than:

Center-Stick Controllers ---------- 3.0 pounds per g

Wheel Controllers --------------- 6.0 pounds per g

Comparison

Although tests were not conducted on the C-5A to specifically evaluate the longitudi-
nal control force gradient during sinusoidal type inputs, sufficient data were obtained from

other tests to show that the intent of this requirement is met. Figures 1(3.2.2.3.1) and
2(3.2.2 3.1) )resent results obtained during dynamic longitudinal stability and airload
survey tests in which the elevator control was pumped rapidly and slowly, respectively.
During the dynamic longitudinal tests the input frequency was 4pproximately 1.25 Hz and
during the airload survey tests the input frequency was approximately .08 Hz. These data
shcw that in each case the buildup of control force preceded the buildup of acceleration
and the control force gradient was for in excess of the 6.0 1b/g minimum limit. It is,
therefore, concluded that results from the C-SA tests agree with this requirement.

Discussi'

None

Rec ommendat ion

None
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Requ iremen t

3.2.3 Longitudinal Control

3.2.3.1 Longitudinal Control in Unacceleroted Flight. In erect unaccelerated flight at
all service a-Titudes, the attainment of all speeds between VS and VMAX shall not be
limited by the effectiveness of the longitudinul control or controls.

Comparison

Results from trim capability, stall characteristics and dive to VD/MD tests are used to

compare C-5A longitudinal control effectiveness with this requirement. Figures 1(3.2.3.1)
through 4(3.2.3.1) present results of trim capability tests conducted with the center of
gravity at the forward limit and at the aft limit in each of the landing, takeoff/approach,
alternate takeoff and cruise configurations. Figure 5(3.2.3.1) presents stall characteuistics
test results obtained with the center of gravity at the f.orward limit and Figure 6(3.2.3. 1)
presents results of dive tests to VD/MD. The center of gravity for these tests was also at

the forward limit. These data show that the attainmeral of all speeds between VS and

VMAX is not limited by longitudinal control effectiveness in conjunction with stabi!izer

trim

Disc ussion

C-5A results substantiate validity or the requirement.

Recommencdation

None

127



C-SA FLIGH4T TEST ON-Tk

L. C.ONFiti - ILE

SYMBOL ALI4O.F)GeOi wy. A-AN

o *o~oo 445,S"o -476,500

bL ~-IDLETRIRST

w

w12-

.2 4/ t4.to

20
4ITCEFCE C.

r IFZ.N. S2.1 RN -PSLT



•-A..ELIG1T TEST DAT~b

-TO/PA CONFI~a-TIF~

_UAO ALT ITUDEtF1t GRo"1w.(a
0 10,000 6134SOO-707DO

IDL&THRXUIT 0- 10,00o *670,OO-46?,soo

A/C N.U.LIAIrr

4-0

0-4

02

-32. 4.4

FIaR 'p....)-RI AAWT

12



C-SA FUG9~T TEST DOTFN

^TO comin cm- -rLFr

SYmbot. A%.-r%?ioas(PI G01 T49

o IOAOO01I@-o0O
to1,*&* 4S4,Ddo04%jobo

-f120

-1.8

4-7 M A

w. . .
LIF -ap jej &4

FiaR h3i...)TIMCPS~r

13



C--SA FLIC41T TE~sT - OTA

QER C.ONF1)C - -rLF

SymBOL ALTITUDCPj GROSS wrN

A le.oO W. Lk98Se

-to-

-4-

w
0

a 0.50

I..S

0i A&c -

-2 41dw A



C-SA F LIGHT TE•'T DA'T/•
ATO C.•N;'i •

TR I M i• 1.:3V$
G.w. -.- 6")4j • L.l•S,

iO. "I.E. oN. €:.G;. ,-- 2 2. -• 9', tt•C

S/"-,,.

-so I I
20 N.UP'°t

o I
•. N.uP I

tO- • J

- to r- (,- PUS4.iE R

I s -ruoE - •T.I

S4500 J 1

|1;o 1

I110-

Ill) i "' I' I ...... i w w = ]" I ..... i" w' i ......... .• i
0 'li !i I•. li :ZO •lli I•

EL.,I•II•EI:) Tll•te. "fblEC,

I:'I•URE: kiO.$•.2.'•.l) ST•LL CH/•R.ACTERIS'T|•-..•

132

]



C-SA FL1G~4T TVEST OAr
CR C 01FI A

rRIM e 0.62S(M~
c 4.-~. 20.OO s V WA

40 -1 -- S I K Swosa tA .-L.MS

o e.O'

2- A friu5

22raeK 
o~

AIRSPCED..(CAS

Vol 402 KCAS% 0 22"OFIP

0 
2

* PGURE NO.G(3LZJJ) DIVF C j4AjZACTE R 1T%C4

>1 133



Requirement

3.2.3.2 Longitudinal Control in Maneuvering Flight.. Within the Operational Flight
Envelope, it s;all be possible to develop, by use of the elevator control alone, the
following ranges of load factors:

Levels I and 2 ---- n (-) to o()

Level 3 ---------- n = o05 to the lower of:

a nO(+)

2.0 for n (+) 39
b) n=

0o5rln 0+) + I] for n 0(+) > 39
0 0

This maneuvering capability is required at the Ig trim speed and, with trim and throttle
settings not changed by the crew, over a range about the trim speed the lesser of ±15
percent or ±50 knots equivalent airspeed (except where limited by the boundaries of the
Operational Flight Envelope). Within the Service and Permissible Flight Envelopes, the
dive-recovery requirements of 3.2.3.5 and 3.2.3.6, respectively, shall be met.

Comparison

Specific tests to satisfy this requirement were not conducted on the C-5A; however,
there are sufficient data available from maneuvering flight, static longitudinal and stall
tests to shoe that the C-5A can comply with the Level I and 2 require:nents. Figure
1(3.2.3.2) presents a summary of longitudino; maneuver capability showing the variation
of lift coeff;cient versus Mach number for trim at 480,000 lb with the center of gravity at
the forward limit and sea level. Based on test results these conditions are the most
critical for accomplishing the required test. The Figure 1(3.2.3.2) data shows that the
C-5A has sufficient longitudinal control to mistrim 50 kts and then maneuver to no X (2.0g)
within the speed range of Mach numbeis 0.29 to 0.600 (VD " S L.). Below the ma
speed condition 0.29 MN full up elevator restrict! the attainment of 2 .0g. At Q Mach
number condition of 0,25 MN, full up elevator will result in an acceleration value of
I .65g. These data, therefore, show that the C-5A could not conpletely comply with
this requirement.

Discussion

Based on the information presented in Reference 3, the intent of this requirement is to
ensure that control surfoce-fixed stability or longitidinal instability characteristics will
not unduly limit maneuver capability. The intent of this requirement for a Class III air-
plane is understandable, although the conduct of this type test is not consistent with
normal operation. For the conditions shown in Figure 1(3.2.3.2), approximately 25 percent
of full up elevator with a corresponding pull force of about 30 pounds is necessary to
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change the speed 50 knots at a trim speed of 0.35 Mach number. Imposing an additional
maneuver requirement to 2.0g is not considered realistic for Class III operation. A more
realistic requirement for Class III operation is the following which was applied to the C-5A
design specification. "The elevator shall be capable of providing a load factor of 1.5
against the most adverse stabilizer trim position at the design dive speed."

Recommendation

It is recommended that for Class III type aircraft, the following requirement apply:
"The elevator shall be capable of providing a load factor of 1 .5 against the most adverse
stabilizer trim position at the design dive speed."
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Requirement

3.2.3.3 Longitudinal Control in Takeoff. The effectiveness of the elevator control shall
not restrict rhe takeoff performance of the airplane and shall be sufficient to prevent over-
rotation to undesirable attitudes during takeoffs. Satisfactory takeoffs shall not be depen-
dent upon use of the trimmer control during takeoff or on complicated control manipulation
by the pilot. For nose-wheel airplanes it shall be possib!e to obtain, at 0.9 Vmin, the

pitch attitude which will result in takeoff at V . . For tail-wheel airplanes, it shall be

possible to maintain any pitch attitude up to that for a level thrust-line at 0,5 VS for

Class I airplanes at at VS for Class I!, Ill, and IV airplanes. These requirements shall be

met on hard-surfaced runways. In the event that an airplane has a mission requirement for
operation from unprepared fields, these requirements shall be met on such fields.

Comparison

C-5A data used for comparison with this requirement were obtained from airplane
perforlniance tests. For the C-5A, the establishment of rotation and lift-off speeds was
based on attaining 1.2 VS at the 50 ft obstarcle point with three engines operating. For

the four-engine case the obstacle clearance speed is slightly in excess of 1.2 VS at heavy

gross weight conditions. C-5A rotation and lift-off speeds were established at various
gross weight conditions so that the proper obstacle clearance speed would be attjined
without violating other performance limitations such as VMC AIR or pitch attitude as

limited by the maximum ground angle to prevent dragging the oft fuselage. Table 9
summarizes the four-engine rotation and lift-off speeds in percent stall speed. These data
ore independent of center of gravity position.

Table 9. C -5A Rotation and Lift-Off Speed Summary

Gross Weight V Rotation V !.ift-Off
(lbs.) (Percent StOar Speed)

360,000 1.07 1.19
400,000 1.09 1.19
440,000 1.10 1.20
480,000 1.11 1.20
520,000 1.11 1.21
560,000 I 12 1.21
600,000 1.13 1,21
640,000 1.14 i .,,
680,000 1.15 1.23
720,000 1.iF '.23

A typical takeoff run is presented in Figures 13. 2.3.3-), b(3.2.3.3), "cold 1C.2.3.3)
which show that the lift-off attitude is appro.--imotely 8,0 degfjees now, up. Maximum
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allowable is about 10 degrees. The requirement states that this attitude (8.0 degrees)
should be attained at 0.9 Vm. which corresponds to V according to paragraph 3.1.8.2.

Although, Table I of MIL-F-8785B(ASG) stoees that Vomin is "Minimum Normal Takeoff

Speed." The requirements oF 3.2.3.3 would be vague and meaningless for a Class III
airplane if V . definition is "minimum normal takeoff speed." Assuming that V.

definition is according to paragraph 3.1 .8.2, rotation would have to be initiated at
approximately 0.9 VS. At 0,9 VS in the takeoff configuration, the attitude would be

about 14 degrees which is in excess of the maximum allowable ground angle. Based on the
definition of Vmin given in paragraph 3.1.8.2e, it appears that the C-5A complies with

the intent of this requirement.

Discussion

Compliance with this paragraph is based on the definition of V . which is not clearlymin
defined. For a Class III airplane the requirement should be relative to a reasonable takeoff
absue from flight test established rotation speeds.

Recommendations

It is recommended thot the third sentence, "For nose-wheel airplanes ... ," be replaced
with the following:

For nose-wheel airplanes it shall be possible 'a rotate at published VR speed

minus 5 knots without exceeding the published obstacle clearance speed. For
multi-engine airplanes this requirement shall be met with an engine failed at
the critical engine foi lure speed.
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Requirement

3,2o3.3.1 Longitudinal Control in Catapult Takeoff - On airplanes designed for catapult
takeoff, the effectiveness of the elevator contro!TaT be sufficient to prevent the airplane
from pitching up or down to undesirable attitudes in catapult takeoffs at speeds ranging from
the minimum safe launching speed to a launching speed 30 knots higher than the minimum.
Satisfac tory catapult tokeoffs shall not depend upon complicated control manipulation by
the pilot.

Comparison

None. Not applicable to the C-5A.

Discussion

None

Recommendation

None
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Reqdirement

3.2.3.3.2 Longitudinal Control Force and Travel in Takeoff - With the trim setting
optional but fixed, the elevator-control forces required during all types of takeoffs for
which the airplane is designed, including short-field takeoffs and assisted takeoffs such as
catapult or rocket-augmented, shall be within the following limits:

Nose-Wheel and Bicycle-Gear Airplanes

Classes I, IV-C --------------- 20 pounds pull to 10 pounds push

Classes II-C, IV-L ------------- 30 pounds pull to 10 pounds push

Classes Il-L, III --------------- 50 pounds pull to 20 pounds push

Tail-Wheel Airplanes

Classes I, II-C, IV ------------ 20 pounds push to 10 pounds pull

Classes II-L, III --------------- 35 pounds push to 15 pounds pull

The elevator-control travel during these takeoffs shall not exceed 75 percent of the total
travel, stop-to-stop. For purposes of this requirement, the term takeoff includes the
ground run, rotation and lift-off, the ensuring acceleration to V (TO), and themax

transient caused by assist cessation. Takeoff power shall be maintained until V (TO)max

is reached, with the landing giar and high-lift devices retracted in the normal manner at
speeds from Vo . (TO) to V (TO)

rain max

Comparison

The C-5A test data used for comparison ,vith this requirement ore presented in Figures
1(3.2.3.3) through 12(3 2.3.3) along with Figures 1(3 2.3 3.2) and 2(3.2.3.3.2).

Elevator control force was not tecorded on the time history plots presented in Figures
1(3.2.3.3) through 12(3.2.3.3) but control column position and elevator position was
recorded. With these data, along ,ith the results of ground control cycle tests presented
in Figures 1(3,2.3.3.2) and 2(3.2.3.3.2), elhvator control iorce can be determined at
any point during the takeoff run. These data show that the maximum elevator control
force encounter during any of the takeoff runs presented in Figures 1(3.2.3.3) through
12(3.2 3.3) was approximately 35 pounds pull and 15 pounds push which comply with the
50 pounds pull and 20 pounds push requirement of this section. In addition, these data
also show compliance with the requirement that thu control travel should not exceed the
75 percent total travel limit. The C-5A favorably compares with this requirement.
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Discussion

None

Recommendation

None
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Requirement

3.2.3.4 Longitudinal Control in Landing - The elev tar control shall be sufficiently
effective in the landing flight phase in close proximit> to the ground, that:

a. The geometry-limited touchdown attitude can be maintained in the level flight,
or

b. The lower of VS (L) or the guaranteed landing speed can be obtained.

This requirement shall be met with the airplane trimmed fro the approach flight phase at
the recommended approach speed The requiiements of 3.2.3.4 and 3.2.3.4.1 define
Levels I and 2. For Level 3, it shall be possible to execute safe approaches and landings
in the presence of atmospheric disturbances.

Comparison

Figures la( 3 .2. 3 .4) and lb(3.2.3.4) present pertinent time data of a landing test
conducted on the C-5A at a gross weight of 537,000 lb and a center of gravity position of
18 78% MAC. The airplane was trimmed at 1 . 3VSL, which is the handbook recommended

approach speed, and the trim setting was not changed throughout the run. Touchdown was
accomplished at I. 13VSL with an attitude angle of 6.5 degrees nose up. The maximum

allowable ground angle for the C-5A is 7.4 degrees. The data show that approximately
15 degrees trailing edge up elevator (full travel 25 degrees) was required at touchdown.
These data, therefore, compare favorably with the Level I requirement.

Relative to Level 2 requirements, two landings were made on the C-5A with the
Number 2 hydraulic system deactivated which reduces the available hinge moment
capability to about half on the inboard elevators, one-third on the outboard elevators and
to about half on the lower rudder, Time histty plots of these tests ore presented in
Reference 2.

The first landing was made at heavy weight and forward c .g. with an actual hydraulic
failure of the No. 2 system. A normal approach end landing was made. and a maximum
elevator control force of 28 pounds occurred at touchdown. The second landing was made
at medium weight and forward c .g. and with the aircraft trimmed at 1 .4VS in the PA

configuration and not retrimrnmed thereafter. A maximum elevator control force of 37
pounds occurred at touchdown. With a simulated failure of the No. 2 hydraulic system,
there was no noticeable degrodatlon in control available during landing.

Relative to Level 3 conditions, simulated landing approaches were made with both the
Number 2 and Number 3 hydraulic systems deoctivated. Results of these tests are presented
in Reference 2. The tests were performed at medium weight and forward c.g. With these
two hydraulic systems inoperative, the inboard elevators were unpowered and consequently
drooped to about 3 to 5 degrees, which reduced the available elevator power. Pitch

147



control was very limited, however, it was possible to maneuver and safely land the airplane
provided that longitudinal trim was closely maintained and no large attitude changes were
attempted. It was necessary to anticipate any trim change requirements including the
nose-up trim change with the addition of power and lead this trim change with the stabi-
lizer trim. It should also be noted that the lower rudder was unpowered, and even though
the test indicated that a landing could be accomplished the directional control was limited.

Discussion

C-5A results agree with the requirements of this section.

Recommendation

None
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Requirement

3.2.3.4.1 Longitudinal Control Forces in Landing. The elevator-control forces required
to meet the requirements of 3.2.3.4 shall be pull forces and shall not exceed:

Classes I, II-C, IV ----------- 35 pounds

Classes II-L, III -------------- 50 pounds

Comparison

Data presented in Sections 3.2.3.3.2 and 3.2.3.4 are used for comparison with this
requirement, Elevator control force was not presented with the time history plots of
landing assessment results shown in Section 3.2.3.4. However, by use of the ground
control cycle test results, presented in Section 3,2.3.3.2, elevator control forces were
determined at various conditions throughout the landing run, These dat. show that approxi-
mately 35 pounds pull force was required during flare and abcut 50 pounds pull force was
necessary just following extension o; ground spoilers. The int.rease in contra' fo'ces
following main gear touchdown was due to the deployment of ground spoilers prior to nose
wheel touchdown, which is on acceptable procedure for short field landings.

Discussion

C-SA test results support the requirementý of thi4 Sectitin.

Recommendation

None
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Requirement

3.2.3.5 Longitudinal Control Forces in Dives - Servic.e Flight Envelope. With the air-

plane trimmed for level flight at speeds throughout the Service Flight Envelope, the ele-

vator control forces in dives to all attainable spepds within the Service Flight Envelope

shall not exceed 50 pounds push or ten pounds pull for airplanes with center-stick
controllers, nor 75 pounds push or 15 pounds pull for airplanes with wheel controllers.

In similar dives, but with trim optional following the dive entry, it shall be possible with

normal piloting techniques to maintain the forces within the limits of 10 pounds push or

pull for airplanes with center-stick controllers, and 20 pounds push or pull for airplanes
with wheel controllers. The forces required for recovery from these dives shall be in

accordance with the gradients specified in 3.2.2.2.1 although speed may vary during the

pul lout.

Comparison

Results of a dive test conducted in the emergency descent configuration are used for
comparison with the first portion of this requirement. These data ore the only results which
fall within the requirements for the service flight envelope specified in paragraph 3.1.8.
The emergency descent configuration test was conducted through the altitude range of

35,000 feet to 10,000 feet. The airplane was trimmed at Mach 0.825 at 35,000 feet with
normal rated thrust at a gross weight of 490,000 pounds with forward center-of-gravity.
The power on engines I and 4 was reduced to flight idle, and the power on engines 2 and

3 was reduced to reverse idle. The trim setting was not altered during the dive and sub-
sequent recovery at 10,000 feet. Figure 1(3.2.3.5) shows that the control forces did not
exceed 20 pounds push or 12 pounds pull which comply with the maximum allowable of 75
pounds pjs- or 15 pounds pull. No unusual control characteristics were encountered during
the test.

Relative to the seond portion ot this fequirement, .vhich permits use of trim, dive
tests were not conduc ted according to the spec ific ,equirenierts of this paragraph. Instead,
the results of a dive test which was conducted at speeds in excess of the service flight

envelope are used for comparison here The test was conducted in the clean configuration
to evaluate longitudinal trimmability ot speeds up to VD (permissible flight envelope).

Gross weight was 571,000 pounds with the center of gravity at 19.2% MAC. Figure
2(3.2.3.5) presents the results of the dive and show that a speed of 404 KCAS was attained

at 10,000 feet (V 0  396 KCAS 10,000 ft). During the dive the airplane was trimmed

at 403 KCAS where on elevator pulse was accomplished.

These data show that the t rq, ij:.t ws capoble of reducing oll control forces to zero

and that there vw,ýze .tzo unusual cos"i -! -al roctetistics at speeds up to VD.

Thcie C-5A d., t- .eist•, therefore, compare favorably .vith this requiremetit.

I 52
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Disc ussion

For the emergency descent configuration, the service flight speed envelope is from
175 KCAS or shaker activation whichever is greater to 0 825 MN/350 KIAS. A literal
interpretation of this requirement mean; that during a descent within the above speed
range up until recovery is initiated, the control forces should be within 75 pounds push or
15 pounds pull. Lockheed's interpretation of this requirement h.-s boen that either Mach
number or airspeed is held constant during a run, unless some limi,.,tion is reached, until
recovery is initiated. MIL-F-8785B(ASG) has requirements concerning trim change, force
gradients and static longitudinal stability. Consequently, there is no need for duplication.
A speed range in terms of percent of ini.ial trim should be specified.

Rec ommendation

!nsert the following c:.er the first sentence: "Speed variation during a dive should be
consistent with handbook procedures; however, it need not exceed ±25% of initial trim."
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Requitement

3.2.3.6 Loi.g;tudinal Control forces in Dives - Permissible Flight Envelope. With the
airplane trimmed for level fl ght at V but with tirm optional in the dive, it shall be
possible to maintain the .levatot t.on rtAol•oice within the limits of 50 pounds push or 35
pounds pull in dives to all attainable speeds within the Permissible Flight Envelope. The
force required for recovery from these dives shall not exceed 120 pounds. Trim and
dece-leration deviL es, ut. , may be: used to assist in recovery if no unusual pilot technique
is required.

Comparison

Figures la(3 . 2 . 3 .6) and 1b(3.2.3.6) present the results of a dive to Mach 0.875 at
30,000 feet and a subsequent recovery with the airplane trimmed initially at MH (Mach

0.825). Thee data show that during the dive the control forces varied from zero at
0.825 M to 20 pounds push at 0.86M and during the recovery the control force reached a
maximum of 60 pounds pull for an acceleration value of 1 80 g at 0.875M. These data,
therefore, compare favorably with the requirements of this section.

Discussion

Results from tests conducted to satisfy the requirements of this section along with
Sect;on 3.2.3.5 are dependent upon the establishment of the service flight envelope and
the permissible flight envelope. According to Paragraph 3.1 .8.1, the contractor is pro-
vided the option of establishing a speed limitation between the operational flight envelope
and the permissible flight envelope relative to maximum speeds. For some aircraft the
maximum service speed and the maximum permissible speed may be the same, as in the case
of the C-141A and the C-5A. When this occurs, the specification should provide some
guidance as to which paragraph, 3 2.3.5 or 3.2.3.6, should be complied with. Tests for
both paragraphs, in this case, should not have to be conducted

Recommendation

Add the following note to either paragraph 3 2.3.5 or 3.2.3.6:

When the maximum service speed and the maximum permissible speed
envelopes are coincident, the trim operable tests defined in paragraph
3.2 3.5 need not be complied with.
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Requirement

3.2.3.7 Longitudinal Control in Sideslips. With the airplane trimmed for straight, level
flight with zero sideslip, the elevator-control force required to maintain constant speed in
steady sideslips with up to 50 pounds of rudder pedal force in either direction shall not
exceed the elevator-control force that would result in a 19 change in normal acceleration.
In no case, huwever, shall the elevator-control force exceed:

Center-stick controllers --------- 10 pounds pull to 3 pounds push

V.'heel controllers -------------- 1 5 pounds pull to 10 pounds push

If a variation of elevator-control force with sideslip does exist, it is preferred that
increasing pull force accompany increasing sideslip, and that the magnitude and direction
of the force change be similar for right and left sideslips These requirements define
Levels I ana 2. For Level 3, theri shall be r,o uncontrollable pitching motions associated
.ith the sideslips discussed above.

Comparison

Static lateral directional stability tests were conducted on the C-5A throughout the
operational speed range in the landiny, takeoff/approach, cruise, descent, and aerial
delivery configurations. Results from these tests are discussed in Section 3.3.6 of this
report As stated in Refe~ence 2, "longitudinal trim changes during steady heading, con-
stant airspeed sideslips were mild. Stick Forces were positive and less than 10 pounds in
all cases." The C-5A elevator control force characteristics during sideslips, therefore,
agree with this requirement.

Discussion

None

Recommendation

None
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Requirement

3.3 Lateral-directional flying qualities

3.3.1 Lateral-directional mode characteristics

3.3. 1. 1 Lateral-directional oscillations (Dutch roll). The frequency, wnd, and damping
ration, _d, of the lateral-directional oscillations following a rudder disturbance input shall
exceed the minimums in table VI. The requirements shall be met with cockpit controls
fixed and with them free, in oscillations of any magnitude that might be experienced in
operational use. If the oscillation is nonlinear with amplitude, the requirement shall apply
to each cycle of the oscillation. Residual oscillations may be tolerated only if the ampli-
tude is sufficiently small that the motions are not objectionable and do not impair mission
performance. For Category A Flight Phases, angular deviations shall be less than r 3 mils.
With the control surfaces fixed, -nd shall always be greater than zero.

Table VI. Minimum Dutch Roll Frequency and Damping

Flight Phase Min 'dxnd,* Min W.'nd,
Level Category Class Min rod/sec. rod/sec.

A I, IV 0.19 0.35 1.0
II, III 0.19 0.35 0.4

1 B All 0.08 0.15 0.4

I, lI-C, 0.08 0.15 1.0
IV

C
II-L, III 0.03 0.15 0.4

2 All All 0.02 0.05 0.4

3 All All 0.02 - 0.4 **

"The governing damping requirement is that yielding the larger value of 'd.

"Class III airplanes may be excepted from the minimum ¢•hd requirement, subject
to approval by the procuring activity, if the requirements of 3.3.2 through
3.3.2.4.1, 3.3.5 and 3.3.9.4 are met.

2 2
When ,nd*20 /•,d is greater than 20 (rod/sec) , the minimum ,dWnd shall be in-

creased above the 'du~nd minimums listed above by:

2 06
Level 1 - "Cd'W-nd .014 (L-'nd,/& d -20)

Level 2 - W •d-nd .009 (Wnd/ d- 20)

Level 3 - Wd-nd .005 (ce2 ' 0/al -20)"•d d d d

with 0Wnd in rad/sec.
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Comparison

Dynamic lateral-directional stability tests were conducted on the C-SA throughout the
operational speed-altitude envelope with the center of gravity at the aft limit (41% MAC).
These tests were conducted by exciting the Dutch roll frequency by rudder doublets with
the stability augmentation system off. After exciting the basic airplane mode, the SAS was
turned on in an attempt to determine the SAS effect on damping. Some representative time
history plots are presented in Figures 1(3.3. 1) through 8(3.3.1) and show that the effect
of SAS operation is to suppres. basic airplane modes. These data, therefore, show that the
C-5A agree with the Level 1 requirements for flight phase categories B and C. For the
C-5A, flight phases for Category A are the same as for Category B. Consequently, re-
quirements for Category A are also in agreement with C-5A results. With respect to the
requirement that the angular deviations shall be less than t 3 mils for the Category A
flight phase, instrumentation accurac.y limitations prevent complete substantiation uf this
requirement. Figure 9(3.3. 1) summarizes test results obtained with the SAS inoperative
which are applicable to the Level 2 requirements. These data show that the minimum damp-
ing requirement of 0.02 and the minimum undamped natural frequcncy requirement of 0.40
ate complied with, although the minimum product (Wnd"d) requirement of 0.05 is not met.
Test results presented in reference 2 show that operation with SAS off does not present any
operational problems due mainly to the fact that the perio,' (10 seconds) is sufficiently
long. Table 10 tabulates plotted SAS inoperative test data.

Discmusion

Based on the Category 1,11 test results which are discussed above, the C-5A flight man-
ual (T 0. IC-5A-I) does not resttict operation with the SAS inoperative. In addition,
evaluating pilots do not rate operation with the SAS inoperative below Level 2 suggested
guide lines (.65 Harper-Cooper scale). For these reasons, the Level 2 requirement that

dwnrd be no Its than 0.05 appears to be too stringent.

Recommendation

It is recommended that additional Class II airplane data be obtained to substantiate
the Level 2 requirement of minimum 4dcnd value of 0.05.



Table 10. Dynamic Lateral Directional Stability Summary
SAS Inoperative

WEIGHT ALTITUDE C PERIOD 1'nd
CONFIGURATION (Lbs) (Ft) CL (Sec) 1/2 (Rad/Sec)

(CR) HEAVY 10,000 .81 .10 10.4 0.90 .601
(CR) HEAVY 10,000 .28 .13 7.8 1.17 .793
(CR) HEAVY 26,000 .43 .055 8.5 0.50 .732
(CR) HEAVY 26,000 .245 .110 6.5 1.0 .954
(CR) HEAVY 26,000 .73 .03 10.0 .25 .624
(CR) LIGHT 10, 000 .20 .195 6.8 1.8 .899
(CR) LIGHT 25,000 .73 .080 10.2 .75 .610
(CR) LIGHT 25,000 .205 .12 6.0 1.05 1.03
(CR) LIGHT 35,000 .73 .030 11.0 .30 .567
(CR) LIGHT 35,000 .32 .10 7.0 .90 .8R5
(D) HEAVY 10,000 .58 .155 10.0 1.45 .616
(D) HEAVY 26,000 .55 .05 10.0 .50 .623
(L) HEAVY 10,000 .89 .14 8.r 1.25 .726
(L) HEAVY 10,000 1.56 .10 10.0 .94 .621
(L) HEAVY 10,000 1.72 .10 10.5 .90 .591
(L) LIGHT 10,000 1.35 .095 9.0 .85 .689
(L) LIGHT 10,000 1.67 .105 8.0 .98 .775
(TO) HEAVY 10,000 .78 .055 7.0 .50 .889
(TO) HEAVY 10,000 1.49 .085 9.5 .75 .653
(TO) MEDIUM 10,000 1.72 .110 10.2 .95 .608
(TO) MEDIUM 10,000 1.035 .055 8.5 .50 .732
(TO) MEDIUM '0,000 1.53 .09 9.0 .80 .690
(TO) MEDIUM 10,000 1.53 .105 11.0 .95 .563
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Requirement

3.3.1.2 Roll Mode. The roIl- .,ode time constant, "V , shall be no greater than the appro-
priate value in Table VII.

Table VII. Maximum %=IlI-Mode Time Constant

F I ight Phase Leve I

Category Class 1 213

A I. IV 1.0 1.4
II, Ill 1.4 3.0

B All 1.4 3.0 10

C 1, Il-C, IV 1.0 1.4
I-L, III 1.4 3.0

Comparisor.

The extraction of the roll-mode time constants from the C-5A data vas done determin-
ing the logarithmic time constant from the roll rate buildup by solving for the time from P;
to .632 Pi. P. is defined as the roll rate existing at tj following a step input of lateral
control. This method is in accordance with Appendix V of reference 3. T.iis approach
closely approximates the time constant for the C-5A determined by the more rigorous meth-
ods because of the magnitude of the spiral-mode and Dutch-roll-mooe time constants. Ath
spiral-mode time constant for the C-5A is iorge" sometimes divergent, sometimes conve, -

gent. This, coupled with an operative SAS which virtually eliminates any Dutch-re;,,, a-
duces a nearly pure roll rate buildup that is influenced only by roll damping and rotling
inertia.

Figures 1, 2, and 3 (3.3. 1.2) piesent the results of the anolysi5 for the takeoff, land-

ing and cruise configurations, respectively. The toll-mode time constant [or the C-5A ex-
ceeds Level 1 in all three case.. The landing configuration data remaio well within Level
2. The takeoff configuration is at tile maximum (3.0) for Level 2 at 1.3 VSTO. In the
cruiqe configuration, the roll-mode time constant is within Level 3 at the higher Moch
numbers. The higher Mach numbers ore less thon MH.

Discussion

One of the significant characteristics following the input of rapid full lateral control on
the C-5A is tlw. the initial rolling acceleration produces a very noticeable "side kick" or
lateral occeleration component in tihe cockpit and in the troop comportment, since the cock-
pit and troop comportment ore located considerably above the p,'incipal roll axis of the air-
plane. For normal operation, this characteristic can be avoided by initially using slow lat-
eral control input and then increctsing the rate of input until the desired airplane response
is obtained. In situations requiring abrupt full control input, this characteristic will be
noticed; however, it will not unduly restrict the use of full control when required.
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The purpose of the roll-mode requirement is to describe the shape of the roll rate trace
which is essentially defining the average roiling acceleration. The C-SA does not meet
the Level I requirements, with most of the data showing Level 2 and, in some cases, Level
3. The C-5A exhibils this objectionable "s;de kick" characteristic. To achieve the Level
I roll-mode time constant on the C-5A would produce an even more objectionable condition.

As previously stated, the "side kick" condition is caused by the cockpit Iocation being
considerably above the principal roll axis, not by the heavier gross weight or larger airplane
size. It is, however, difficult to divorce the weight and size from the cockpit location be-
cause the design requirements essentially dictated the high cockpit for drive-through
capability and the low CG position because of the 265,000-pound cargo locoaed near the
truck bed height. It is felt that this condition will exist for all heavy transports and may
exist for other classes of airplane. This problem should be recognized in the roll-mode time
constant requirements.

Recommendation

For airplanes where the personnel are located at a considerable distance from the princi-
pal roll axis, the requirements of paragraph 3.3.1.2 may be reasonably relaxed. Additional
information is needed to sujort Class III requirements.

172



Q-SA6 f:LiGI4T TES-T ODkTP%

CAT960ft- C

04M.'. 79UN COOL 8

LEVEL 3

0
1 " "Z 11_ _ __ _ __ _ __ _ __ _ _o

&a.4LEVEL- 2-

&4

1173



C-SA F:LIro.4T TESTr DATA

L- C-o"Fica

CArEOIp"qf C-

0

LEVEL 2

A0

47



CSA V-Ur.1T -TEST Or

4.0- G~'.W.70 BCoaOl.0

AL-rlTruoE siq 1cc,00 NOTSKO

*, 36 zs

02

0 025
u ~C

wA

LEVELk O2V~ t q
0 0I0F

I..4

FI UR NO 30 3 12 -ROLL MO M -T M ,

Fmfo1

175~



Requirement

3.3.1.3 Spiral stability. The combined effects of spiral stability, flight-control system
characteristics, and trim change with speed shall be such that following a disturbance in
bank of up to 20 degrees, the t;me for the bank arigle to double will be greater than the
values in table VIII. This requirement shall be met with the airplane trimmed for wings-
level, zero-yaw-rate flight with the cockpit controls free.

Table VIII. Spiral Stability - Minimum Time to Double Amplitude

Flight Phase Level
Class Category 1 2 3

A 12 sec 12 sec 4 sec
I & IV 

-
B & C 20 sec 12 sec 4 sec

I& All 2 0 sec l2 sec 4 sec

Comaarison

Flight test evaluation of the spiral stability determined that the spiral mode is basically
neutral for most conditions and does not ajp'ooch the allowable time to dovble amplitude
$or the few conditions vwich ate divergent.

Discussion

None

Necommendation

None
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Requirement

3.3.1.4 Coupled Roll-Spiral Oscillation. A coupled roll-ipiral mode will not be permitted.

Compartison

There is no indication in the C-5A data that a coupled roll-spiral mode exists.

Discussion

None

Recommendation

None
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Requirement

3.3.2 Lateral-directional dynamic response characteristics. Lateral-directional dynamic
response characteristics are stated in terms of response to atmosphe, ic disturbances and in
terms oa allowable roll rate and bank oscillations, sideship excursions, aileron stick or wheel

forces, and rudder pedal forces that occur during specified rolling and turning maneuvers.
The requirements of 3.3.2.2, 3.3.2.3, and 3.3.2.4 apply for both right and left aileron
commands of all magnitudes up to the magnitude required to meet the roll performance rr-.
quirements of 3.3.4 and 3.3.4. 1.

Comparison

None

Disc ussion

None

Recommendation

None

178



Requirement

3.3.2. 1 Lateral-directional response to atmospher;c disturbances. Although no numerical
requirements are specified, the combined effect of Wnd, gus tR, , '0•1Id, gt
sensitivity, and flight-control-system nonlinearities shall be such that the airplane will hove
acceptable response and controllability characteristics in atmospheric disturbances. In par-
ticular, the roll acceleration, rote, and displacement responses to side gusts shall be inves-
tigated for airplanes with large rolling moment due to sideslip.

Comparison

Relative to the last sentence of the subject requirement, test data are presented in Sec-
tion 3.3.6.3.2 which show that the C-5A does not have large rolling moments due to side-
slip. In fact, these data show that at a speed of 100 KCAS, less than 75 percent wheel
throw is required to balance a side gust of 46 ft/sec. In addition, test data are presented
in Section 3.7.1 showing pilot workload and control characteristics in turbulence.

Discussion

None

Recommendation

•None
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Requirement

3.3.2.2 Roll rate oscillations. Following a rudder-pedals-free step aileron control com-
mand, the roll rate at the first minimum following the first peak shall be of the same- sign
and not less than the following percentages of the roll rate at the first peak:

Level Flight Pl,.ksE Category Percent

A& C 60

B 25

2 A&C 25

B Q

For all levels, the change in bank angle shall alwnys be in the direction of the aileron.
control command. The aileron comr .;nd shall be held fixed vn~ii the bank angle has
cha.,ged at least 90 degrees.

Comparison

Full wheel throw rolls performed with the C-5A show full compliance with the require-
ments of the paragraph. Table 11 summarizes these uncoordinated roll data for the noaol
operating mode and table 12 summarizes the SAS off operating mode.

For the C-5A, the SAS produces sufficient roll entry coordination to eliminate roll
rate oscillation on full wheel throw rolls. In the tables, this is ternied "flat, " which in-
herently means a roil rate valley-to-peak ratio of 100%. With the SAS off, which can f.n
considered as a single failure, the level of natural roll damping produces a slight oscillatory
characteristic. Oscillations are well within the paragraph minimum for Level I for SAS on
or off, for all flight categories.

All of these data were obtained with the aileron command held fixed less than the speci-
fie'- 90 degrees of bank. The C-5A is limited to 45 degrees o,. bank. Since o finite time
is necessary to accelerate and decelerate the roll, the full 90 degrees of roll is not
available.

Discussion

Nonne

Recommendation

T 'e 90 degrees of required bank should be adjusted to 60 degree to rec-ugnize the kwr-
ger airplanes with 45 degree bank limitations.
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Table 11. C-5A Roll Rote Sumfary
SAS On

ROLL RATE ROLL RATE MINIMUM
AT FIRST AT SECOND SPECIFICATION

FLIGHT VC ALTITUDE PEAK, P1 PEAK, P2 (P2,F1) (P2/P1)
CATEGORY CON SAS GW L5 KCAS 1000 FT DEG /SEC DEG 'SEC %

C L ON 708,000 148 10 23.0 FLAT 100 60

C L ON 480,000 123 12 21.5 FLAT 100 60

C L ON 690,000 162 12 25.3 FLAT 100 60

C L ON 476,000 162 11 30.0 FLAT 100 60

C TO ON 694,000 161 10 14.8 FLAT 100 60

C TO ON 490.000 125 12 13.6 FLAT 100 60

C TO ON 675,000 ,42 10 18.8 FLAT 100 60

C TO ON 490,000 180 10 120.0 FLAT 100 60

B CR ON 708,000 207 10 14.8 FLAT 100 25

B CR ON 722,0001 263 11 16,9 FLAT 100 25

B CR ON 712,0001 358 12 13.5 FLAT 100 25

B CR ON 500,0001 170 12 14.5 FIAT 100 25

8 CR ON 500,000 346 12 15.7 FLAT 100 25

B CR ON 1700,0001 268 26 17.7 FLAT 100 25

B CR ON 690,000 305 26 20.8 FLAT 100 25

B CR ON 675,0001 355 25 14.5 FLAT 100 25

B CR ON 450,OOO 267 27 21.0 FLAT 100 25

8 CR ON 450,000, 342 25 13.0 FLAT 100 25

B CR ON 470,000 216 35 19.3 FLAT 100 25

B CR ON 480,000 284 35 21.8 FLAT 100 25

Table 12. C-SA Roll Rate Su&may
SAS Ofi

ROLL RATE ROLL RATE IMM
AT FIRST AT SECOND SPECIFICATION

FLIGHT VC ALTITUIX PfAK, PI PEAK, P7 (P2/PI) (P2 ?1)
CATEGORY CONF SAS GW LO KCAS 1000 FT DEG 'SWC DEG/SEC OA _

C L OFF 683,000. 145 9 23.1 FLAT 100 60
c L OFF 700,000 162 12 23.7 FLAT 100 60

C TO OFF 684.00 151 .1 8.7 8.0 92 60

C TO OFF 488, D00 126 12 12.9 9.7 75 60

C TO OFF ".D00D 186 j 0 18.3 FLAT t00 00
SCR OFF 705:'0001 207 10 I.5.2 9.9 S3 25

CR OFF 500,000 170 .10 ;3.7 '9. 180 25
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Requirement

3.3.2.2.1 Additioncl roll rate requiremer.n for small inputs. The value of the parameter
Posc/gav following a rudder-pedals-free step aileron command shall be within the limits
shown on figure 4 for Levels I and 2. This requirement applies for step aileron control
communds up to the magnitude which causes a 60 degree bank angle change in ].7ITd
seconrts.

Comparison

the value of Td varies from 6 to 11 seconds, which implies a roll rate of 3 to 6
degrees/second for the above 60 'egree bank angle. Approximately 1/3 wheel deflection
produces this roll rate. Tes, data performed at this condition with the SAS operative show
low roll roae oscillat'on which is within the Level I envelope. This is due to the SAS rud-
der coordination input. Tests performed with the SAS inoperative show somewhat larger
roll rate oscillatio'n. This, *jo, is within the L.evel I allowable The magnitudes of these
oscillations are shown in figures 1 and 2 (3.3.z.2. 1).

Discussion

None

Recommendation

None
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Requirement

313.2.3 Bank angle oscillations. The value of the parameter OOSC/,AV following a
rudder pedals-free impulse aileron control command shall be within the l~m*is in figure 5
for Levels I and 2. The impulse shall be as abrupt as practical within the strength limits
of the pilot and the rate limits of e aileron control system.

1 . 1"g 1 ' 1 1 ' I --- "

1.0 /

FLIGHT PHASE

.9- CATEGORY B
. 8-, LEVEL 2

.7- LEVEL I

>

.4 LEVEL 2

.3 I LEV EL I_

.1

0 -400 -800 -120 .1600 -2000 -240 -2800 -3200 -3600
(DEG) WHEN LEADS BY 450 TO 2250

-1800 -220-0 -26C0 -300' -3400 -20' _600 -1000 -1400 -180'

(DEG) 'NHEN , LE/-DS - BY 2250 THROUGH 3600 TO 450

Figure 5. Bank Angle Oscillation Limitations

Comparison

Data are not presented for comparison with this requirement.

Discussion

None

Recommendation

None
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Requirement

3.3.2.4 Sideslip excursions. Followirg a rudder-pedals-free step aileron control com-
mand, the ratio of the sideslip increment, $, to the parameter k (6.2.6) shall be less
than the values specified herein. The aileron command shall be held fixed until the bank
angle has changed at least 90 degrees.

Adverse Side Proverse Sideslip
Flight Phase (Right roll command (Right roll command

Level Category causes right sideslip) causes left sideslip)

I A 6 degrees 2 degrees

B & C 10 degrees 3 degrees

2 All 15 degrees 4 degrees

Comparison

The _'S/K results are presented in figures 1 (3.3.2.4) through 4 (3.3.2.4) for con-
figurations falling within Flight Phase Categories B and C. One half of the Dutch roll
period has been used to obtain the Lý parameter for all flight cases, since the '.)utch roll
period varies from approximately 6 seconds to II seconds.

The data indicate that the C-SA airplane with the SAS off, which is applicable to
Level 2, does not meet Level I requirements and meets Level 2 requirements only abo -e
certain airspeeds. With SAS on, which is the normal operating condition, the C-5A meets
Level 2 requirements at all airspeeds and Level 1 requirements at most airspeeds. Com-
ments in reference 2 state that the variations in sideslip do not affect roll performance
during uncoordinated rolls.

Discussion

Although the C-5A does not meet this specification at certain conditions, the sideslip
excursions are not considered undesirable. Hence, the uniform applicability of the re-
quirements to all classes of aircraft is questioned.

The definitions of ý1s and k as given in paragraph 6.2.6 are not clear. It has been
assumed that the AB parameter referred to in 3.3.2.4 is identical to the defined param-
eter A B max. The definition of k could be more clearly stated to precisely define k
for the various levels.

The requirement to hold the aileron command fixed until the bank angle has changed at
least 90 degrees is unnecessary for Class Ill aircraft. The aileron command should be
held long enough to establish the parameters, (Ot )cnu_ rnd and e0, which depend on
the time stated in paragraphs 3.3.4 and 3.3.4.1 an on one half the Dutch roll period or
2.0 seconds, vwichever is greater.
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Recommendation

It is recommended that the definition of the parameter k in 6.2.6 be changed to read:

(a) "Applicable roll performance requirement," ( t0 r ,t' is the bank angle deter-
mined from 3.3.4 and 3.3.4.1 for the class, FligHt Phase Category, and Level

under consideration.

(b) "Commanded roll performance, " •t )r,•.--d' is the bank angle attained in
the time stated for the Class, Flight oase'C tegory, and Level under considera-

tion for a given step aileron command with rudders employed as specified in 3.3.4
and 3.3.4.1.

It is also recommended that the sentence, "The aileron command shall be held fixed un-

tlI the bank angle has changed at least 90 degrees," be replaced with the following:

"The aileron command shall be held fixed for a period of time sufficient to es-

tablish the parameters and (0t)command (6.2.6)."
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Requirement

3.3.2.4.1 Additional sideslip requirement for small inputs. The amount of sideslip fol!ow-
ing a rudder-peda s-free step aileron controi command shalT be within the limits shown on
figure 6 for Levels 1 and 2. This requirement shall apply for step aileron control com-
mands up to the magnitude which causes a 60-degree bank angle change within Td or two
seconds, whichever is longer.

16 v -- I T--r-1 1r1 1

14- /ALL FLIGHT

PHASE
" 12 CATEGORIES

O LEVE L

"CATEG8- AG•jjORIES C•

iio LEVELi
2L

CAT (EGOR

Figure 6. Sideslip Excursion Limitations

Data c.e not presented for comporison with this requirement.

Discussion

None

Recomm-•maotion

None
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Requirement

3.3.2.5 Control of sideslip in rolls. In the rolling maneuvers described in 3.3.4, but
with the rudder pedals used for coordination for all Classes, directional-control effective-
ness shall be adequate to maintain zero sideslip with a rudder pedal force not greater than
50 pounds for Class IV airplanes in Flight Phase CGtegory A, Level 1, and 100 pounds
fcr all other combinations of Class, Flight Phase Category and Level.

Comparison

Zero sideslip can be maintained during c-i ,brupt, full-wheel roll with less than the
specified limit of 100 pounds of rudder pek' toice. Figure 1 (3.3.2.5) presents a pilot-
coordinated abrupt roll. Pedal force to maintain zero sideslip does not exceed 40 pounds
for this particular maneuver.

Disc ussion

None

Recommendation

None
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Requirement

3.3.2.6 Turn coordination. It shall be possible to maintain steady coordinated turns in
either direction, using 60 degrees of bank for Class IV airplanes, 45 degrees of bank for
Class I and II airplanes, and 30 degrees of bank for Class Ill airplanes, with a rudder
pedal force not exceeding 40 pounds. It shall be possible to perform steady turns at the
same bank angles with rudder pedals free, with an aileron stick force not exceeding 5
pounds or an aileron wheel force not exceeding 10 pounds. These requirements constitute
Levels 1 and 2 with the airplane trimmed for wings-level straight flight.

Comparison

The C-5 meets the turn coordination specifications for a Class III aircraft. A steady
bank angle of 300 can be maintained with less than 40 pounds of rudder pedal force. The
same bank angle can also be maintained with rudder pedals free using a maximum aileron
wheel force of 10 pounds. Typical coordinated rolls are shown in figures 1 (3.3.2.6) and
2 (3.3.2.6) for the TO and CR configurations. Uncoordinated rolls for the TO and CR
configurations are presented in figure 3 (3.3.2.6) and 4 (3.3.2.6).

Discussion

C-5A results agree with this requirement.

Recommendations

None
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Requirement

3.3.3 Pilot-induced oscillations. There shall be no tendency for sustained or uncontrol-
lable lateral-directional oscillations resulting from effort of the pilot to control the airplane.

Comparison

No pilot-induced oscillations occur on the C-5A.

Discussion

None

Recommendation

None
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Requirement

3.3.4 Roll control effectiveness. Rol! performance in terms of bank angle change in a
given time, Tt' is specified it table IX and in 3.3 4.1 Aileron control commands
shall be initiated from zero roll rate in the form of abrupt inputs, with time measured from
the initiation of control-force application. Rudder pedals shall remain free for Class IV
airplanes for Level I, and for all carrier-based airplanes in Category C Flight Phases for
Levels 1 and 2; but otherwise, rudder pedals may be used to reduce sideslip that retards
roll rate (not to produce sideslip that augments roll rate) if rudder pedal inputs are simple,
easily coordinated with aileron-control inputs, and consistent with piloting techniques for
the airplane Class and mission. Roll control shall be sufficiently effective to balance the
airplane in roll throughout the Service Flight Envelope in the atmospheric disturbances of
3.7.3 and 3.7.4.

Comparison

Roll performance data are presented in figures 1 (3.3.4) and 2 (3.3.4) for Flight Phase
Categories B and C. In Category B, the AD configuration meets Level 2 requirements
and the CR configuration meets Level 3 requirements. In Category C, the L configura-
tion meets Level 2 requirements, and the TO configuration meets Level 3 requirements.

Disc ussion

The C-5A was designed to meet the specifications of CP40002. In the L configuration,
the design requirement of 1.0 second elapsed time for an 8.0 degree bank angle change at
the normal approach speed was not achieved. However, the roll acceleration available
was considered satisfactory by the Joint Test Team on the basis of the offset landing man-
euver, which was considered a practical test of lateral directional maneuver ability. The
offset landing maneuver consists of approaching the runway with a 200 foot lateral mis-
alignment on a 3 degree glideslope. At an altitude of 200 feet, the airplane is aligned
with the runway centerline prior to touchdown. In the CR configuration, the specifications
that pertain to time to change bank angle and time to attain peak roll rate with symmetric
thrust were not satisfied. However, lateral control capability was still considered to be
acceptable by the Joint Test Team.

From the Background Information and User Guide for Mil-F-87858 (ASG), it appears
that Requirement 3.3.4 levels have been arbitrarily selected for lack of conflicting data.
Results from the C-5A airplane demonstrate that j heavy transport airplane can have satis-
factory roll performance without meeting the Level I limits of Requirement 3.3.4.

In order to meet the Level I requirements, the late-al control system would have to be
improved to attain a higher bank angle change in the first second of roll. On an aircraft
with a very large rolling moment of inertia, this would be difficult to accomplish. In-
creasing the initial roll response of the C-5A would further aggravate the very noticeable
side kick, or lateral acceleration component, in the cockpit and troop compartment that
is experienced during full abrupt control input. The side kick occurs since the cockpit
and troop compartment ore located considerably above the principal roll axis of the airplane.

201



Table IX. Roll Performance Requirements

FLIGHT
PHASE

CLASS CATEGORY LEVEL 1 LEVEL 2** LEVEL 3
A Ot = 660 in 1.3 sec Ot =600 in 1.7sec 0t609 in 2 .6 sec
B Ot = 61° in 1.7sec 0t=600 in 2 .5sec t =60e in3.4sec
C +t =300 in 1. 3 sec 0t =300 in 1.8sec O = 30e in 2 . 6 sec

II A 0t=450 inl.4sec Ot=450 in1.9sec t=450 in2.8sec

II B =t450 in1.9sec 0t=450 in2.8sec 0t=450 in3.8sec
11-L C = 30a in 1.8 sec Ot = 3e in 2 .5 sez Ot = 30° in 3 .6 sec
IU-C C 0t = 25 0 in 1.0sec Ot =250in 1.5sec Ot=250 in 2.0sec

A 0t =3 00 in 1.5 sec Ot = 30P in 2.0 sec Ot : 300 in 3.0 sec
III B Ot = 30 0 in 2 .0see Ot = 300 in 3 .0sec •t=: 300 in 4.0sec

c Ot = 300 in 2.5 sc Ot = 3 00 in 3 . 2 sec 0t 3•0nt 4.0 se-

SA* O = 9o0 in 1. 3 sac 0 = 900 n 1. 7 sec 0 = 90 in 2.6 sec
IV B t in90 n1. 7 sec t9Pin 2.5sc =900oin 3.4sec

C + t 309 in 1,0 sec t = 30°&in 1.3 sec:It = 3P ;n 2.0 sec

Except as the requirements are modified in 3.3.4.1,
At altitudes below 20,000 feet at ihe high-speed boundary of the Service Flight
Envelope, the Level 3 requirements may be substituted for the Level 2 requirements
with all systems functioning normally.

For takeoff, the required bank angle can be reduced proportional to the ratio of the
maximum rolling moment of inertia for the maximum authorized landing weight to the
rolling moment of inertia at takeoff, but the Level I requirement shall not be reduced
below the listed value for Level 3.
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Recommendations

The Class III roll control effectiveness requirements appear to be too stringent for Class
III airplanes. These requirements should be further investigated and reevaluated with addi-
tional Class III data.
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Requirement

3.3.4.1 Roll p,..rformance for Class IV airplanes. Additional or alternate roll performance
requirements are specified for Clas: IV airplanr;, in 3.3.4.1.1 thro'..gh 3.3.4.1.4. These
requi-einents take precedence over tnble IX.

3.3.4.1.1 Air-to-a;, combat. For Class IV airplanes in Flight Phase CO, the roll per-
formance requirements are:

rime to roll through

90 degrees 360 degrees

a. Lew, I 1. .............. 1.0 second 2.8 secnnds

b. Level 2 ............... 1.3 seconds 3.3 seconds

c. Level 3 ............... 1.7 seconds 4.4seconds

3.3.4.1.2 G-ouno OttaGk with external stores. The roll performance requirements for
Clas• I" airplanes in Fligh. Phase GA, with larpe complements of external stores, may be
relaxed from those specified in table IX, subject to approval by the procuring activity.
For ony external loading specified in the contract, however, the roll performance shall not
be less than:

a. Level I ............... 90 degrees in 1.7 seconds

b. Level 2 .............. 90 degrees in 2.6 seconds

- Level 3 .............. 9 0 degrees in 3.4 seconds

For any asymmetric loading specified in the contract, aileron control power shall be
sufficient to hoid the wings level at the maximum load factors specified in 3.2.3.2 in the
itmospheric disturbances of 3.7.3.

3.3.4.1.3 Roll rate characteristics for ground attack. Class IV airplanes in Flight Phase
GA shall be able to roll through 180 degrees in not more than twice the time to roll
through 90 degrees. This requiremeni specifies Level 1 with the rudder pedals remaining
free throughout the maneuver and Levels 2 and 3 with the rudder pedals employed to re-
duce sideslip in the mannei described in 3.3.4.

3.3.4.1.4 Roll response. Stick-controlled Class IV airplanes in Category A Flight
Phases shall have a roll response to aileron control force not greater than 15 degrees in 1
second per pound for Level 1, and not greater than 25 degrees in 1 second per pound
for Level 2. For Category C Flight Phases, the roll sensitivity shall be not greater than
7.5 degrees in 1 second per pound for Level 1, and not greater than 12.5 degrees in I
second per pound for Level 2. In case of conflict between the requirements of 3.3.4.1.4
and 3.3.4.2, the requirements of 3.3.4.1.4 shall govern.

Comparison

Not apolicoble
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Disc ussion

None

Recommendation

None
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Requirement

3.3.4.2 Aileron control forces. The stick o, whezl force requirement to obtain the rolling

performance specified in 3.3.4 and 3.3.4.1 shall be neither greater thai the maximum in
table X nor less than the bieakout force plus:

a. Level 1 - one-fourth the values in table X

b. Level 2 - one-eighth the values in table X

c. Level 3 - zero

Table X. Maximum Aileron Contrc,l Force

Maximum Maximum

Hight Phase Stick Fo-ce Wheel Force
Level Class Category (Ib) (Ib)

', lC, IV A, B 20 40

C 20 20

A, B 25 50

C 25 25

II-C, IV A, B 30 60

C 20 20
I2-L, Ill A, B 30 60

C 30 30

3 fAll All 35 70

Cor.mpor i son

For the C-5A airplane, this requirement translates into the following:

Maximum Wheel Minimum Wheel

Level Categor Force force

A, 8 50 18
C 25 ii

A, B 60 13
C 30 9

3 A, B, C 70 0
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The C-5 lateral flight control system consists of an irreversible artificial feel system
which meets the Level I requirements for all Flight Phase Categories. The maximum wheel
force is approximately 20 to 25 pounds. Figure 1 (3.3.4.2) presents the control wheel
forces for the L and CR configurations.

Lateral control breakout forces obtained from ground tests and substantiated by inflight
testing complied with the CP 40002 specification allowable limit of 6.0 pounds. From
reference 2, the breakout forces are the following:

Breakout
Direction Force PACS Flp Spoilers

RT 4.4 On 09 Retracted

LT 5.4 On 09 Retrac ted

RT 5.5 On 40P Retracted

LT 5.2 On 400 Retracted

Discussion

None

Recommendation

None

209

. .... .. ...... .... ---



_______ _______ _______ 0 _____________________

I v)
w

__ __ _ � 0 z � I

______________ ____________ ____

/

/ /o
- J

_ �4I 0� I LU
- �, I

I, Lii

J

4 .- � /F 0 N�

4 , 0

F z
�fl 0w )

I-.

9 - 2 z(.1 I
- 4W I, Lii

I /if 1  'I, -___ ____

�LL?
U)C) 1% .-- __ N

( I rn

4,- / zi
/

/ 00 ____ �LI
-- S

I 4
______________ 0-I ____ ____

U.

210



Requirement

3.3.4.3 Linearity of roll response. There shall be no objectionable nonlinearities n the

variation of rolling response with aileron control deflection or force. Sensitivity or slug-
gishness in response to small aileron control deflections or forces shall be avoided.

Comparison

The variation of roll rate with wheel deflection was found to be essentially linear with

a slight increase in roll-rate to wheel-deflection ratio with increasing wheel deflection
for all configurations tested. Figure 1 (3.3.4.3) presents roll response for three flight
conditions.

Disc ussion

None

Recommendations

None
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Requirement

3.3.4.4 Wheel control throw. For airplanes with wheel controllers, the wheel throw
necessary to meet the roll performance requirements specified in 3.3.4 shall not exceed
60 degrees in either direction. For completely mechanical systems, the requirement may
be relaxed to 80 degrees.

Comparison

The nominal wheel deflection for full lateral control is 60 degrees. This has been con-
sidered more desirable than the 90 or 120 degrees used on earlier cargo aircrft.

Discussion

Recommendation

None
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Requirement

3.3.4.5 Rudder-pedal-induced rolls. For Levels I and 2, it sh'ill be possible to raise a
wing by use of rudder pedal alone, with right rudder pedal force required for right rolls and
left rudder pedal force required for left rolls. For Level 1, with the aileron control free, it
shall be possible to produce a roll rate of 3 degrees per second with an incremental rudder
pedal force of 50 pounds or less. The specified roll rate shall be attainable from coordi-
nated turns at up to ± 30 degrees bank angle with the airplane trimmed for wings-level,
zero-yaw-rate flight.

Comparison

None

Discussion

Class III aircraft are not normally flown in this manner.

Recommendation

None
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Requirement

3.3.5 Directional control characteristics. Directional stability and control characteristics
shall enable the pilot to balance yawing moments and control yaw and sideslip. Sensitivity
to rudder pedal forces shall be sufficiently high that directional control and force require-
ments can be met and satisfactory coordination can be achieved without unduly high rudder
pedal forces, yet sufficiently low that occasional improperly coordinated control inputs will
not seriously degrade the flying qualities.

Comparison

The C-5A possesses sufficient directional control, with symmetric thrust, to maintain
wings-level straight flight with a minimum of rudder or aileron control input throughout the
speed envelope for each airplane configuration. In no case did the pedal force exceed 70
pounds. The ability to generate sideslip is discussed under paragraph 3.3.6 on static
lateral-directional stability.

Discussion

None

Recommendations

None
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Requirement

3.3.5.1 Directional control with speed change. When initially trimmed directionally
with symmetric power, the trim changes of propeller-driven airplanes with speed shall be
such that wing4-level straight flight can be maintained over a speed range of + 30 percent
of the trim speed or ± 100 knots equivalent airspeed, whichever is less (except where limited
by boundaries of the Service Flight Envelope), with rudder pedal forces not greater than
100 pounds for Levels 1 and 2 and not greater than 180 pounds for Level 3, without re-
trimming. For other airplanes, rudder pedal forces shall not exceed 40 pounds at the spec-
ified conditions for Levels I and 2 nor 180 pounds for Level 3.

Comparison

The C-5A does not experience directional control forces introduced by speed changes.

Discussion

None

Recommendations

None
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Requirement

3.3.5.1.1 Directional control with asymmetric loading. When initially trimmed direc-
tionally with each asymmetric loading specified in the contract at any speed in the Opera-
tional Flight Envelope, it shall be possible to maintain a straight flight path throughout the
Operational Flight Envelope with rudder pedal forces not greater than 100 pounds .ro.
Le.'els I and 2 and not greater than 180 pounds for Level 3, without retri-nming.

Comparison

This requirement is not applicable to the C-5A.

Discussion

None

Recommendations

None
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Requirement

3.3.5.2 Directional control in wave-off (go-around). For propeller-driven Class IV arid
all propeller-driven carrier based airplanes, the response to thrust, configuration, and air-
speed change shall be such iliat the pilot can maintain straight flight durnilg wave*-off (go-
around) initiated at speeds down to VS (PA) with rudder pedal forces not exceeding 100
pounds when trimmed at Vomin (PA). For other airplanes, rudder pedal forces shall not
exceed 40 pounds far the specified condlticons. The preceding requirements apply for
Levels 1 nnd 2. For all airpianes, 'h* Level 3 requirement is to maintain straight flight
in these conditions with rudder pedal forces nvt exceeding 180 pounds. For oal levels,
bank angles up to 5 degrees are permiated.

Comparison

No directional control forces are introduced as the result of power charges.

Discussion

None

Recommendation

None
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Requirement

3.3.6 Lateral-diiectional churact•it.iLs in steady sideslips. The requirements of 3.3.6. 1
through 3.3.6.3.1 and 3.3.7. 1 are expressud in terms of charuLteristics in rudder-pedal-
induced steady, zero--yaw-rate sideslips with the airplane trimmed for wings-level straight
flight. Paragraph 3.3.6.1 through 3.3.6.2 apply at sideslip angles up to those produced
or l;rated by:

a. Full rudder pedal deflection, or

b. 250 pounds of rudder pedal force, or

c. Maximum aileron control or surface deflection,

except that for single-propeller-driven airplanes duteng wave-off (go-around), rudder pedal
deflection in the direction opposite to that reijired for wings-level straight flight need not
be considered beyond the deflection for a 10-degree change in sideslip from the wings-
level straight flight condition.

3.3.6.1 Yawing moments in steady sideslips. For the sideslips in 3.3.6, right rudder
pedal deflection and force shall produce left siduslips, and left rudder pedal deflection and
force shall produce right sideslips. -For Levels 1 and 2, the following requirements shall
apply. The variation of ýidcslip argle with rudder pedal deflection shall be essentially
linear for sideslip angles between , 15 degiees and - 15 degrees. For larger sideslip an-
gles, an increase in rudder pedal deflection shall always be required for an increase in
sideslip. The variation of sideslip angle with rudder pedal force shall be essentially linear
for sideslip angles between ' 10 degrees and - 10 degrees. Although a lightening of rud-
der pedal force is acceptable for sideslip angles outside this range, the rudder pedal force
shall never reduce to zero.

3.3.6.2 Side forces in steady sideslips. For the sideslips of 3.3.6, an increase in right
bank angle shaFl accompany an increase in i-irht sideslip, and an increase in left bank an-
gle shall accompany an increase in left sideslip.

3.3.6.3 Rolling nor.nents in steady sideslips. For the sideslips of 3.3.6, left aileron-
control deflection and force shall accompany left sideslips, and right aileron-control de-
flection and force shall accompany right sideslips. For Levels I and 2, the variation of
aileron-control deflection and force with sideslip angle shall be essentially linear.

3.3.6.3.1 Exception for wove-off (jo-around). The requirement of 3.3.6.3 may, if
necessary, be excepted for wove-off (go-around) if task performance is not impaired and
no more than 50 percent of roll control power available to the pilot, and no more than 10
pounds of aileron-control force are required in a direction opposite to that specified in
3.3.6.3.

3.3.6.3.2 Positive effective dihedral limit. [or levels I and 2, positive effective di-
hedral (right aileron control for right sideslip and left aileron control for left %ideslip) shall
never be so great that more than 75 percent of roll control power available to the pilot,
and no more than 10 pounds of aileron stick force or 20 pounds of aileron-wheel force.
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are required for sideslip angles which might be experienced in 2rvice employment.

Comparison

Static lateral-directional stability characteristics were evaluated by performing stabi-
lized sideslips of increasing magnitude to the right and left up to 15 degrees of sideslip or
to maximum control authority. Lateral control was used to obtain sufficient bank angle to
maintain a constant heading and airspeed \As kept close to trim. Power remained constant
and altitude varied slightly. Tests were conducted in the CR, TO, PA, L, ADS, and D
configurations.

Static lateral-directional stability was positive and linear for all conditions tested, and
no significant change in the aircraft stability vYas produced by the stability augmentation
system.

Right rudder pedal position and force were required for left sideslip and, conversely,
far right sideslip. The variation of pedal force and rudder displacement with sideslip angle
was essentially linear for angles of sideslip between 11 i5 degrees. No rudder pedal force
reduction was encoontered.

Side force characteristics were such that an increase in right bank angle accompanies
an increae in right sideslip, and the same applies to left bank angle and sideslip. The di-
hedral efftct of the C-5A was positive (left aileron position and force for left sidesl'p,
and conversely), and no more than 75 percent of full aileron control was used in the side-
slips flown.

The C-5A meets all the static lateral-directional stability specifications. A full spec-
trum of tesft data is presented in reference 2. Summary data are shown in Fiqure 1 (3.3.6).

Discussion

The C-5A results fuvo'obly compare with this requirement.

R coi endations

None
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Requirement

3.3.7 Lateral-directional control in crosswinds. It shall be possible to take off and land

with normal pilot skill and technique in 90-degree crosswinds, from either side, of veloci-
ties up to those specified in table XI. Aileron-control forces shall be within the limits
specified in 3.3.4.2, and rudder pedal forces shall not exceed 100 pounds for Level I
nor 180 pounds for Levels 2 and 3. This requirement can normally be met through com-

pliance with 3.3.7.1 and 3.3.7.2.

Table X1. Crosswind Velocity

Level C lass Crosswind

1 20 knots

I &2 II, 1ll, & IV 30 knots

Water-based 20 knots
Airplanes

3 All One-half the
values for
Levels I & 2

3.3, 7.1 Finl proach in crosswinds. For all airpi.rnes except land-based airplanes

equipped with crosswind landing gear or otherwise con*tructed to land in a large crabbed
attitude, rudder an6 aileron-control power shall be adequate to develop at least 10 de-
grees of sideslip (3.3.6) in the power approach with rudder' pedal forces not exceeding the
values specified in 3.3.7. For Level 1, aileron control shcl| not exceed either 10 pounds
oi force or 75 percent of control power available to the pilot. For Levels 2 and 3, aileron-
control force sholl not exceed 20 pounds.

3.3.7.2 Takeoff Run und Landing Rollout in Crosswinds. Rudder aoid aileron-control power,

in conjunction with other normal nreans of coroIashall be adequate to maintain a straight
path on the ground or other land;ng sur'Jce, This req~jirenmwnt applies 'n calm air and in
crosswinds up to the values specified ir table XI with cockpit control fawces not exceeding
the vulues in 3.3.7.

The C-5A *s equipped with a -rasswind gear (o facilitate takeoffs and (andings in cross-
wind5. Flight tost demnonsthat'ions of tokeoffs and landings were cenducted In cr•sswinds
with the gear at zero setting, at undersettingo 01 the recommended setting, and at on over-
Setti9g.

With the cros~wind gear set at zero, oil handling qualities during takeoffs and laodings
made in crosswinds up to 29.5 knots and 26 knots, respectively, were judged satisfactoty.
The wing-down crab techvnique and recommended threshold speeds -*we used in anmdings
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with no difficulty in control. For the takeoff at the crosswind condition of 29.5 knots
with gusts to 34 knots, a considerable amount of rudder and approximately 3/4 of full
wneel throw were required dvring rotation, lift-off, and initial climbout. Rudder pedal
nosewheel steering provided ample control during these takeoffs, and no unusual handling
techniques were required.

With the crosswind gear operative, Inndings were performed at crosswinds up to 30
knots with no unusual characteristics experienced during the landing and rollout. The
crosswind gear system washout rate of tw degrees per second at speeds below 50 KCAS
was smooth and completely satisfactory. Takeoffs were performed at crosswinds up to 30
knots. Using the chart values for crosswind gear setting, takeoffs from brake release
through lift-off were smooth and very satisfactory from a controllability standpoint. On
takeoffs where the gear was underset 5.0 degrees from the chart angle, approximately 2
to 3 degrees of bank angle was required to maintain a straight flight path clirriout. The
autocratic landing -yster.n has demonstrated a capability to easily accommodate crosswinds
of 15 knots.

Discussion

The C-5A results support this requirement.

Recomrnendations

None
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Requirement

3.3.7.2.1 Cold- and wet-weather operation. The requirements of 3.3.7.2 apply on wet
runways for all airplanes ond on snow-packed and icy runways for airplanes intended to
operate under such conditions. If compliance is not demonstrated under these adverse run-
way conditions, directional control shall be maintained by use of aerodynamic controls
alone at all airspeeds above 50 knots for Class IV airplanes and above 30 knots for aol
others. For very slippery runways, the requirement need not apply for crosswind components
at which the force tending to blow the airplane off the runway exceeds the opposing tire-
runway frictional force with the tires supporting all of the airplane's weight.

Comparison

Flight test data for cold and wet weather operation in crosswinds are not available.
Figure 1 (3.3.7.2.1) presents crosswind limitations on the C-5 for various runway condi-
tion readings (RCR). An RCR value of 5 corresponds to an icy runway, a value of 12
corresponds to a medium wet runway, and an RCR of 23 indicates a dry runway.

Pilot comments indicate that directional control is effective at airspeeds above 50
knots.

Discussion

Paragraph 3.3.7.2.1 requires identical crosswind capability for dry, wet, and icy
runways for all airplanes capabie of operating under those conditions. Such capability
may not be necessary or desirable for aircraft which might only occasionally experience
such adverse weather conditions. Allowable crosswind components with adverse runway
conditions are often based on runway condition reading. As RCR decreases, the maximum
allowable crosswind also decreases. Whereas the requirements of 3.3.7.2. 1 are quite
specific regarding magnitudes of crosswinds, they are vague concerning runway slipperi-
ness. Perhaps the procuring office should specify crosswind capability under adverse
weather conditions.

Recommendations

None
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REPORTED RCR

TAKEOFF LANDING 12 &
GR WT GR WT ABOVE 11 10 9 8 7 6 5 4 3 2

(1000 LB) (1000 LB) A V 1 087_3

630& 565&ABV A 30 27 24 21 18 15 12 9 6 3 0ABOVE ABOVE

610 540 29 26 23 20 17 15 12 9 6 3 0

585 510 28 25 22 20 17 14 11 8 6 3 0

560 480 27 24 22 19 16 14 11 8 5 3 0

5•40 450 26 23 21 18 16 13 10 8 5 3 0

510 420 25 22 20 17 15 13 10 8 5 3 0

490 395 24 22 19 17 14 12 10 7 5 2 0

470 370 23 21 18 16 14 12 9 7 5 2 0

450 345 22 20 18 15 13 11 9 7 4 2 0

430 320 21 19 17 15 13 11 8 6 4 2 0

20 18 16 14 12 10 8 6 4 2 0B ELOW

NOTE: 1. Takeoff gross weights are based on the use of 40 percent flaps.

2. The crosswind component values are based upon non-use of landing gear
crosswind positioning.

3. Data are computed for normal procedures. Increase of rotation speed or
approach speed in accordance with T.O. IC-5A-1-1 may allow increase
in maximum crosswind component.

Figure 1 (3.3.7.2. 1). C-5 Maximum Takeoff and Landing Crosswind Component
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Requirement

3.3.7.2.2 Carrier-based airplanes. All carrier-based airplanes shall be capable of main-
taining a straight path on the ground without the use of wheel brakes, at airspeeds of 30
knots and above, during takeoffs and landings in a 90-degree crosswind of at least 10 per-
cent Vs (W). Cockpit control forces shall be as specified in 3.3.7.

Comparison

Not applicable.

Discussion

None

Recommendation

None
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Requirement

3.3.7.3 Taxiing wind speed limits. !t shall be possible to taxi at any angle to a 35-knot
wind for Class I airplanes and to a 45-knot wind for Class II, Ill, and IV airplanes.

Comparison

The C-5A engine operating limitations in crosswind and tailwind conditions, presented
in Figure 1 (3.3.7.3), allow unrestricted operation in winds up to 30 knots. Reduced pow-
er settings must be observed above 30 knots; and, at 45 knots, sufficient power vvould not
be available to taxi the airplane.

Discussion

It appears that this flying-qualities requirement could impose an engine design penalty,
which was probably not the intent of the requirement. It is considered reasonable that the
airplane have taxi capability which exceeds the required crosswind component (30 knot) by
some margin which needs to be established on the basis of operational experience.

Recommendalion

Conduct a review of the impact of this requirement on other currently operating air-
planes which employ large, high-power fan engines. Establish the taxi wind requirements
as a margin above the required crosswind component on the basis ot operational experience,
if possible.
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Requirement

3.3.8 Lateral-directional control in dives. Rudder and aileron control power shall be ads-
quote to maintain wings level and sideslip zero without retrimming, throughout the dives
and pullouts of 3.2.3.5 and 3.3.3.6. In the Service Flight Envelope, aileron control
forces shall not exceed 20 pounds for propeller-driven airplanes nor 10 pounds for other
airplanes. Rudder pedal forces shall not exceed 180 pounds for propeller-driven airplanes
nor 50 pounds for other airplanes.

Comparison

Evaluation of directional control capabilities during dive tests has shown that wings-
level straight flight can be easily maintoaned with a minimum of rudder or aileron control
input throughout the speed envelope for each airplane configuration.

Discussion

None

Recommendations

None
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Requirement

3.3.9 Lateral-directional control with asymmetric thrust. Asymmetric loss of thrust may be
caused by many factors, including engine failure, inlet unstart, propeller failure, or pro-
peller-drive failure. Following sudden asymmetric loss of thrust from any factor, the air-plane shall be safely controllable. The requirements of 3.3.9.1 through 3.3.9.4 apply
for the appropriate Flight Phases when any single failure or malperformance of the propul-sive system, including inlet or exhaust, causes loss of thrust on one or more engines or pro-pellers, considering also the effect of the failure or malperformance on all subsystems pow-
ered or driven by the failed propulsive system.

Comparison

In the takeoff configuration with the most critical outboard engine inoperative and take-off thrust on the remaining engines, it is possible to control the aircraft and maintain it in
straight flight at all speeds above 94 KCAS (I. 16Vs at 350,000 pounds) with a bank anglenot in excess of 5 degrees. During the air minimum control speed tests, the aircraft doesnot attain any dangerous attitude nor does it require any exceptional piloting skill to
maintain heading.

In the P configuration with the number I engine inoperative and the remaining engine/engines developing normal rated thrust, the aircraft is capable of straight flight at U.3Vs
without the application of rudder, using only bank angle and sideslip as control.

With two critical engines inoperative, sufficient directional control is available to holdsteady heading with a bank angle of no more than 5 degrees while trimmed at speeds of
1.4Vs or more in the P configuration. It is also possible to make reasonable, sudden 15-
degree heading changes in either direction.

Discussion

None

Recommendations

None
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Requirement

3.3.9.1 Thrust loss during takeoff run. It shall be possible for the pilot to maintain con-

trol of an airplane on the takeoff surface following sudden loss of thrust from the most criti-
cal factor. Thereafter, it shall be possible to achieve and maintain a straight path on the
takeoff surface without a deviation of more than 30 feet from the path originally intended,
with rudder pedal forces not exceeding 180 pounds. For the continued takeoff, the re-
quirement shall be met when thrust is lost at speeds from the refusal speed (based on the
shortest runway from which the airplane is designed to operate) to the maximum takeoff
speed, with takeoff thrust maintained on the operative engine(s), using only elevator, ail-
eron, and rudder controls. For the aborted takeoff, the requirement shall be met at all
speeds below the maximum takeoff speed; however, additional controls such as nosewheel
steering and differential braking may be used. Automatic devices which normally operate
in the event of a thrust failure may be used in either case.

Comparison

The C-5A has been designed to meet a deviation of 25 feet due to a sudden loss of
thrust during takeoff.

Discussion

None

Recommendations

None
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Requirement

3.3.9.2 Thrust loss after takeoff. During takeoff, it shall be possible without a change in
selected configuration to achieve straight flight following sudden asymmetric loss of thrust
from the most critical factor at speeds from Vmin (TO) to Vmax (TO), and thereafter to
maintain straight flight throughout the climb-out. The rudder pedal force required to main-
tain straight flight with asymmetric thrust shall not exceed 180 pounds. Aileron control
shall not exceed either the force limits specified in 3.3.4.2 or 75 percent of available
control power, with takeoff thrust maintained on the operative engine(s) and trim at normal
settings for takeoff with symmetric thrust. Automatic devices which normally operate in
the event of a thrust failure may be used, and the airplane may be banked up to 5 degrees
away from the inoperative engine.

Comparison

Results of the dynamic air minimum control speed tests demonstrate that straight flight
can be maintained without requiring undue pilot effort or exceptional pilot skill. Rudder
pedal force at fuil rudder control is approximately 120 pounds. Lateral control is less
than 75 percent of the available control power.

Discussion

None

Recommendations

None
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Requirement

3.3.9.3 Transient effects. The airplane motions following sudden asymmetric loss of
thrust shall be such that dangerous conditions cun be avoided by pilot corrective c-ction.
A r:alistic time delay (3.4.9) of at least one second shall be considered.

Comparison

Results from dynamic air minimum control speed tests, ground minimum control speed
tests, and cruise configuration asymmetric thrust tests indicate that no adverse effects or
dangerous motions occur following sudden asymmetric loss o thrust. The C-5A motions
after such a loss are easily controllable.

Discussion

None

Recommendations

None
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Requirement

3.3.9.4 Asymmetric thrust - rudder pedals free. The static directional stability shall be
such that ali speeds above 1.4 Vmin, with asymmetric loss of thrust from the most critical
factor while the other engina(s) develop normal rated thrust, the airplane with rudder pedals
free may be balanced directionally in steady straight flight. The trim settings shall be those
required foi wings-;evel straight flight prior to the failure. Aileron-control forces shall not
exceed the Level 2 upper limits specified in 3.3.4.2 for Levels 1 and 2 and shall not ex-
ceed the !.evel 3 upper limits for Level 3.

Comparison

In the clean conf;guration wikh the number 1 engine inoperative rnd the remaining en-
gines developing normal rated thrust, the C-5A is capable of straight flight at 1.3 VS-

without application of rudder, using only bank angle and sideslip as control. Any speed
ab•ve that demonstrated is less critical from a controllability standpoint for the conditions
tested. The aileron control force required for the maneuver is about 10 pounds, much less
than the Level I maximum. The specification requirements are, theirefore, considered
satisfied.

D;s(7 ussion

None

ý'Qcommendations

None
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Requirement

3.3.9.5 Two engines inoperative. With any engine initially failed, it shall be possible
upon failure of the most critical remaining engine to s'op the transient motion at the one-
enginc-out speed for maximum range and, thereafter, to maintain straight flight from that
speed to the speed fc- maxi-num range with both engines fat led. In addition, ;i shall be
possible to effect a safe recovery at any service speed above Vomin (CL) following sudden
simultaneous failure of the tm critical failing engines.

Comparison

The C-5A possesses adequate handling characteristics to control the airplane following
loss of thrust from the two critical engines.

Discussion

None

Recommendations

None
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Requi,'ement

3.4 Miscellane'ous ilying qualit.r:

3.4. 1 Approach -a duanerou-. fligr. .,oridii;on.. Dangerous conditions may exist where the
J;iplane should not be flown. W/ .ri approaching thee flight conditions, it shall be possible
by clearly di-ce-nible mean, for thel. ilat to rf-cogn;ze the impending dangers and take pre-
ve-ntnve act~on. Fir,.,jl djeimrina;)rw of the adequacy of 1ll warning of impending dangerous

flight coriait:on- v.il! bI- made by "1:. ploc'jrrit u itlv;ty, considering functional effective-
n ,s• and rtliob'lity .;..'., c ra" ' L.,. .,e.cI to prevent ',:ntry to dangerous conditions only if
tih.. ciite;icJ or, thteir dv ,,,i, otna 1.*- -oaecifc devices, are approved by the procuring

3.4. 1.1 '..',arinj arid V,,:icat;o,. L nin, Or ;nd;tatiofi of approach to a dangerous condi-
tion shoali bL- dLeaI and urumb~qajo.. !o, a xarrK.. -- pilot must be able to distinguish read-
;!.. among ýtuit ..uinngn, (whih; , P: rrV,'n• dovA, or ircreosing speed), Mach buff'et
(,c' may ;ndicati. u .u,.d ,o d.c, ý Je speed), arid ni, rral airplane vibration (which indi-
catt.. no need fo! pilo! uc;;or,. !u wi in ng or indication device is required, functional
4a;!ure of the dr,'vci. I-ul ,. r :di..U to the p;lot.

3..:. 1.2 Pre/en!'on. A. u r: in;n-,tm, (dan'1erous-coriu!oon-orevention devices shall perform
their functioni w,!.wnt.- .r nt.:,-d ., ,!,! • t. o io ' [;mit fl;qht vithin the Operational Flight

En1 f c-lope. N.,:tt!., iorricii , o i n.•, ,tt u.l--rat:-)n of :uch devices shall create : hazard

to ti-; a!crafh. Fo! V.,. I a 2. %urxri.. .perutior. shall not be possible. Functional
failure of the d.i:c , ha L: :,d;c:-. d j ),• lot.

Comparison

The T-tail co:lf, t, io ... 1 : -,- . o iad - longitudinal -ontrol capability that is
ýutf;c;ent to dri.... ,t.• i irpl ,.. , . . C.J 7tt..: c, tdtion•s far in excess of normal stall

conditions. Hov;m-t,,rr, nore "i,: "a uo ,ui- .le.,atot ro availabY,- for recovery. The C-5A
-:all is character ,'-d "y I i;l• :i:..r. butt. , difficult to distinguish from light
turbuleence, w;th no c,.1, 1 ' , Fol tnese reawons, the C-5A is equipped

with a -.tallir-.ter .yt..'hrc. con:' . of j ý,tall %%v rng function and a stall limiting func-
tion. The stall vwain;n,' fur.ctior: o.,<4;,' of cn appioach to a stall condition by means of a

control column hoal-.r. rii .... 11 •r,?:ng furictior, povideý on audible warning through the
inter phone .ystirn i rid • •i..: hl•. . r th;a thr.. ;rplanc is entering an excessive stall
penetrtion req;rrr.. IlII( 'oi .wingj d...., ipt ion ot tt•- otul hInk;ter system is provided not on-
I/ !or the purpose of yuti:.tyi.n. the L.rl.;iOerm,rif- of thki• section but also for the following
,.,ction. conc, rr,ir.c, j a l .n,, i ' arl ,• i ,', .IJ:: Ll,.jrI. I ;t ; icbo

Stalli;miter Sy•,tm.r

The1 stallimiter -ubsyste rri h. t,ý.o .itunnek which -oparatcly operate the pilot's and
copilot's shal'.er and .atll horn event. Each channei ;s dual within itself and has its oav
input sensors. Monitorin.j k. po,,;,Af.d by a :ystcm of comparators which can detect a dif-
ference in a r•fJt of chor,,. I- rind liqt , the Otallimilef malfunction warning on the annunci-

ator panel.
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For each channel, the primary input parameters into the stallimiter computer include
angle-of-attack, Mach number, horizontal stabilizer position, engine thrust reversers,
and slat position. Output signals include preshaker, shaker, and stall event. The pre-
shaker function is introduced by a thrust reverser relay when inflight thrust reversers are
deployed. The preshaker signal activates the pilot and copilot shakers on a schedule which
is 2 degrees vane angle of attack Lelow the cruise configuration shaker schedule.

The Mach signal from 1he CADC 's fed through a function generator which provides the
basic shape of the stallimiter schedules presented in figure 1 (3.4.1). The angle-of-
attack signal for each channel is provided by two servo-positioned angle-of-attack vanes,
one located on each side of the forward fuselage at F. S. 610. The signals from the vanes
are averaged and scaled to convert from vane angle to angle-of-attack referenced to the
fuselage reference ! ine (FRL) as presented in figure 2 (3.4. i). The slat position signal
operates to select the cruise or slats/flap-extended schedule in the stallimiter. When in
the slats/flaps extended configuration, the slat position signal introduces the stall event
suppression schedule which is a function of horizontal stabilizer position as shown in
figure 1 (3.4. 1).

Ground test of the stallimiter system is accomplished by a combination of built-in
tert equipment (BITE) and ground operoti- " of the stallimiter input sensors to provide shaker
and stall event output signals from the stallimiter computer.

Discussion

The C-5A stallimiter system has proven to be a safe and dependable means of providing
stall warning and stall limiting. There ha\e been no adverse comments received from ale
operational fleet. C-5A results support this iequirement.

Recommendat ion

None
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3. 4.2 Fl;'ý, Of * . It, at t te Itýnt'.u ('It r1% at 3. 4. 2 through 3.4.2.2.2 con-
'nAal1k, Io-ý Of 01"1ol, pa'. ti 0 it,, -t-!utitd characteristics. They ap-

oly (:t -petd! c. I,.-. I ji3... it. I" outside the Service Flight Envelope
(CQTI''Ouqli III sor ti?)..ý . v. if *l . " li V: 11nit' .lt d;ght ly *ns~de that envelope).

Thev orv. n t.?fdod j '.i u-%uit ;Uftt. ;vii! I. ri. -h i.) *: -;on limitations due to stall and
pJ~~~~~~t-~ic .tw ittair. lý~. the id of certain special devices

on ly ;f cn j,.- .. *._gi c4 'j . I, ~ d ,t'~ dt.i',n and rroast distribution are not

S3 .. Sto . 11 ;tai d:,tr'ri,-,t 'n e~rr. Lzu. .p).*ý#d and angle of attack in 6.2.2 and
6.2. setŽptvct~v.t.I,.. It u.iiulI~ (I phciorrrt~notl ..uiued by airflow separation inducec by
1,;h unfigl ot4 otliuj, but ;f mu, '. .teuad (3. 1 .. 2. 1 ) be deter mined by some limit on un-

VýCbý, vi o i I .- of ,,t(c'- . TIL t ?,J '.r..;. t,;i o uI Au plane Normal States in
Arc l:'t ' !-de tl:-ýt.l tInd III I~ . ;ls . puiLupý -AHI not ma1 acceleration up to no0

of~ 0". 'ai No. n.ol i. .n'u j,,ur..c ieioted flight and in throttI~e*

twtn-. 3 nd trim irttl j of %Flail o.. ytJ lao, the~ requirements apply to

CirrnP ;tor,

C'hc~!i tAcrac!: j.ic,_ und ý,t!I r tco 'irou: -t .2 I...i ccriduc~ted on the C-5A concurrent

-ollirn~itv tIpu o to*.~. ~. t_ nf, i ( ri to',;lt ,!'all tests were conducted in
!n _d nig, !oa--otf aorpi(.o . ;1., tjtv tii;. t.-ff. &--W aerial delivery, and cruise con-

t'quiutc'ns Ii~rou';f.o,ý! di. )P ur .u t .? -of-grait and altitude envelope. Stall
*(*'J! SO~ U Iud'~ + i~~~ ti1.t: th ubilizer mistrimmed and stalls

S
1--c- stabi I:ty j ..qry *I y-- .~iy.: dt (, te.. omnp role discussion of these results
-Ionted nrft r4 .2. Ti.*.. t-.. J .o %or with the tub icct requir ements in

'.'*- f -.* A- c: !P I:I Otci * ~ * ted u? no' neal acceleration values up to
1.A~ fCCi p firt:< it .42 .wvinj~~tY~ i.:~e .;otiduc ted at an acceleration

.alo* of 1 .5 Y; 14c d,- ji..c . tt',io~ However, dur*ng the 100
p.-I Z t:n 'I flcuC t"I I mjiItI*j ,l:, ~i . ,r.. '~ conducted at no MOX and

1) . u_ t U- on

The C-5A I(,..h ~~~.I t .. ' .r.t ';Li: t~itent.

Pe~commendcition

None



Requirement

3.4.2.1 .1 StalI, approach. The stall approach shall beaccompanied by an easily percep-
tible warning. Acceptable stall warning for all types of stalls consists of shaking of the

cockpit controls, buffeting or shaking of the airplane, or a combination of both. The onset
of this warning shall occur within the ranges specified in 3.4.2.1 . 1.1 and 3.4.2.1.1.2
but not within the Operational Flight Envelope. The increase in buffeting intensity with
further increase in angle of attack shall be sufficiently marked to be noted by the pilot.
The warning shall continue until angle of attack is reduced to a value less than that for

warning onset. This warning may be provided artificially only if it can be shown that natu-
ral stall worning is not feasible. At all angles of attack up to the stall, the cockpit con-
trols shall remain effective in their normal sense, and small control inputs shall not result
in complete loss of control. Prior to the stall, uncommanded oscillations shall not exceed
I. 100 bank, f 20 sideslip, t- 20 pitch attitude. These requirements apply whether VS

is asdefined in 6.2.2 or asallowed in 3.1.9.2.1.

3.4.2.1.1.1 Warning speed for stalls at Ig normal to the flight path. Warning onset for

stalls at 19 normal to the flight path shall occur between the following limits:

Flight Phase Minimum Speed for Onset Maximum Speed for Onset

Approach Higher of 1.05VS or Higher of 1. 10VS or
VS t 5 knots VS + 10 knots

All Other Higher of 1.05VS o0 Higher of . IOVS or
VS f 5 knots VS # 15 knots

3.4.2.1.1.2 Warninc range for acceletated stolls. Onset of stall vmrning shall occur out-

side the Operational Flight Envelope associated with trev Airplane Normal State and with
the following angle-of-attack ranges:

Minhmum Angl, of Attac.k Moximuni Angle of Attack
Flight phase for Onset for Onset

Approach •0 0.82 (-S - -01 10 0. 90 (6s - 0o)

All Other :'0 0.75 (aS - aO) '0o 0.90 (as - -lo)

where oS is the stall angle of attack and i0 is the angle of attack for zero lift tS is
defined in 6.2.5; o0 moy be estimated itom wind tunnel tests).

Compafrison

As stated in Section 3.4. 1, stall warning fat the C-SA is provided by the stallimiter
system us a function of angle of attack and Math numbai for the flaps up and flops extended

configurations. The basis for use of the stallimiter system iý Lovered in Section 3.4.2.1.2.
The stallimiter system was optimized to provide stall warning in the form of shaking the
elevator control at approximately 1.07VS. Figur 1 (3.4.2. 1. 1) ptesnts a sumonry of
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the cleanc onfiguration stall wu,,,ir, .arLa .%full te..t rusult. in tfie form of lift coefficient

versus Mach number. Thest. dut 2 0 .,
1 i.t I I worn;ng occur- at approximately 1.06VS

at low Mach numbe.,r cond;tionrr omd .i,•?J!p'.C)in1aO(uiy I. 05VC at Ihe higher Mach number

conditionm. Fiýj)Wv 2 (3.4.2. 1. I1 p,•,.en, a .ummaoy at tall performance test results in
the form of ;ift coeff;clit.t ve.rsu, flap qoo;t;ori for sliaker onset and for stall. These data
show that stall v.%un;hq occurs at cjppiox;rmutely 1 .07"s for each of the flops down configu-
lations (16 deqrees though 40 aegrv,,.. 7lTese dota, therefore, show that the C-5A favor-
ably compare,- with Ihr.i ,qu;iemient conc,-rnig 0t0ll warning speeds.

With respect to the tcqutr.m.nt-, ý.onan•eInnrI stall worning angle of attack range, Figure

i (3.4.2. I. I ) presents Fliglt T".-.t tw.ultt ;in the form of lift coa fficient versus true angle of
attack tor the various configuation... Utilizing these data and Figure 4 (3.4.2.1.1), the
following angle of attack data at: pio-;;Jtd for .hrawing compliance with paragraph
3.4.2.1.1.2.

Configuration ao i ''VMIN ,IWMAX arS

Cruise -3.2 11.5 9.3 11.8 13.5
A!t. Ta•-off - 6.2 15.0 14.9 16.9 19.5
Takeoff Appi. - 7. 1.0 14.7 16.9 19.5
Land - ".3 I.0 14.3 16.6 19.5

SV/MIN - Minimum angle of attad• fo- warning per equation in 3.4.2. 1. 1.2

,VMAX - Max;mrm ainglt, o- ot'oack f'or vx2rn;ng pe-: ,quation in 3.4.2.1 . 1.2

These data, therefore, cornp, i ... 0. i•, qu;r#,.n" nt at this sect;on.

Discussion

Th.- ,.qu;rement- of 3.4•.2. i. .2 for -tall warning angle of attack range do

not specify the form of tha :ngl( a- ui•. information. Since -,0 may be estimated from
wind tunnel data, It iý ;mplid :ha' t., doto .hould be in thle form of true angle of attack
in lieu of some local angie at o.rtac.k. A '.qui:,t-ment which i! based on true angle of at-
tack will necest.itate an accujite OnrIIy1 of Ottao-- calibration at conditions up to stall. Any
angle of attack calibration data th•t is ou'ained at spetds below approximately 1.2VS is
highly que•tonable due 'o th,. inab:liry 'c, stabilize ,ot a given rate of sink, pitch attitude
or rate of p;tch and nitspod.,d. A? • ,,; (,try angle of attack .alibration curve depends

a lot on en~inie, ing judc}f.ent lot 11, ,ang. b.•i-,een 1.2VS and stall. Consequently, the

final proof of complianct- vtk, i ,,qui,•enent -ulr a% th;s ;% highly questionable.

Recommendat ion

A recommendation is riot nt r ,rv, sub-uqurunt to this draft, amendment 2 of the
subject specification was isa,,vd witl, whi.h we '.onr:ur.
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Rec.uir ement

3.4.2.1.2 Stall characteristics. In the unaccelerated stalls of 3.4.2.1, theairplane shall
not exhibit uncontrollable rolling, yawing, or downward pitching at the stall in excess of
20 degrees for Cl.sses I, 1; and IN!, or 30 degrees for Cluss IV airplanes. It is desired
that no pilch-up tendencies occui in unacc-eleroted or accelerated stalls. In unaccelerated
stalls, mild nose-up pitch may be acceptable if no elevator control force reversal occurs
and if no dangerous, unrecoverable, or objectionable flight conditions result.

A mild nose-up tendency may be acceptable in accelerated stalls if the ooeBational
effectiveness of the airplane is not compromised and:

"a. The airplane has adequate stall warning

b. Elevator effectiveness is such that it is possible to stop the pitch-up promptly and
reduce the ongle of attack, and

c. At no point during the stall, stall approach, or recovery does any portion ot the
airplane exceed str.ctural limit loads.

Comparison

Straight and turtýing flight stall tests, wete conducted on the C-5A at the forward and
aft center of qravity limits, at low altitude for the flaps down configurations, end at low
ond high altitude for the flaps up Lonfiguutions. As stated in Section 3,C 1, operation
at high angle of atta.ck is limited by operation of the stoilimiter systet. The stoll|miter
systemr was included in the initiol design per reference 4, as ao-eod between La~kheed
tnd the procuring activity.

A compiet• ciscussion of the test rviults, which is too | b':-thly rinc.' lusion here, is
presented in reference 2. These data shov. that, bas-ed on operation of the stallimiter, the
C-5A •otll chaircteristic% are in coý.•plefe agoerraen- with tOe subject iequiree•,nts.

Discussion

C-5A results ,4powi this riequiremoen.

Re-commendation

None
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Requirement

3.4C2.11.3 Stall prevention and recovery. It shall be potsible to prevent the st,:Il by mod-

erate uwe of the elevator control alone at the onset of the stall warning. It shall be possible

to recover from a stall by simple use of the elevator, aileron, and rudder controls after a

brief delay, with reasonable forces, and to regain level flight without excessive loss of alti-

tude or buildup of speed. Throttles shall remain fixed until speed has begun to increase

when an angle of attack below the stall has been regained. In the straight-flight stalls of

3.4.2.1, with the airplane trimmed at a speed not greater than 1.4VS and with a speed

reduction rate of at least 4.0 knots per second for Class I, II and III airplanes, and an

angle-of-attack rate of 2 degrees per second for Class IV airplanes, elevator control pow-

er shall be sufficient to recover from any attainable angle of attack: that is, to preclude
inability to recover from a deep stall.

3.4.2.1.3.1 One-enmine-out stalls. On multi-engine airplanes, it shall be possible to

recover safely from stalls with the critical engine inoperative. This requirement applies

with the remaining engines at up to thrust setting for level flight, but these engines may

be throttled back during recovery.

Comparison

Evaluation of stall recovery techniques on the C-5A show that, in general, a standard

technique is adequate. The recovery is satisfactorily accomplished with a positive, al-

though not rapid, airplane nose down elevator control input. If recovery is initiated at

any angle up through stall event plus approximately 4.0 degrees (true of), a slow smooth

elevator application will result in a normal stall recovery.

With respect to the requirements of Section 3.4,2.1.3. 1, one-engine-out stalls were

not conducted on the C-SA. However, steady-state and dynamic minimum-air control

speed tests were conducted with the number one engine inoperative and engines 2,3, and

4 developing military rated thrust. These tests were conducted at a gross weight of

460,000 pounds and at speeds down to the stick shaker (1 .07V ). Although tests were not
conducted with an engine inoperotive at speeds doykn to stall, the results discussed above

ore considered adequate to show that there are not control problems, directionaily o- lat-

erally, with an engine inopewtive dovm to the stall.

Discussion

The requirement should provide a conditional statement to the effect that tile amount of

thrust employed for these tests should not exceed that which vwuld require mo.'e than full

control to maintain wings level &duting approach tbc stall.

Recommendation

Add th+ &31k.wirtg sentence to puragwaph 3.4.2.1.3. 1t
"T"Tl_:i setting for these tests not to exceed 75 percent normal rated thrust or the

thrust at which the use of maximum control travel just holds the wings laterally level

in the approach to stall, whichever is lesser.
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Requirement

3.4.2.2 Post-stall gyrations and spins. The pobt-stall gyration and spin requitementý •:p-
ply to cli modes of motion that can be entered from upsets, deceleation, and extreme man-
euvers appropriate to the Class and Flight Phase Category. For Class IV airplanes, this in-
cludes air combat, ground attack, and other tactical and training maneuvers For Class I
and IV airplanes, entries from inveted flight shall be included. Less extreme entry condi-
tions are also included for all classes. Entry angles of attack and sidesl;p up to maximum
control capability and those obtained under dclnamic flight conditions are to be included,
except as limited by structural considerations. For all Classes, thrL:•t settings up to and in-
cluding MAT shall be included, with and without one critical engine inoperative at entry.
At the critical time, the elevator, aileron and rudder controls are to be misapplied abrupt-
ly: for Class I and IV airplanes, full deflection; for Ca - 1I and Ill, gross deflection
changes. MIL-S-83691 contains mort %ýtniled guidance ',ry conditions and tech-
nioues. The requirements hold for all , ,-une Normal States and for all States of Stability
and Control Augmentation systems except approved Special Failure States. Store release
shall not be allowed during entry, spin or gyration, recovery, or -subsequent dive pullout.
Automatic disengagement of augmentatfon systems, however, is permissible if it is necessary
and does not prevent meeting any other requirements; reengagement shall be possible in
flight. A spin/post-stall-gyration recovery system initiated by pilot action or an automatic
prevention device miy be accepted only if it can be shown (3.4.1) that the requirements of
3.4.2.2 1i:!ough 3.4.2.2.2 cannot be met by normral means and the device meets the re-
quirements of 3.4.1.2.

3.4.2.2. 1 Resistance to loss of control. Nether post -stall gyrations not spins shall be
readily attainable from the entry conditions specified in 3.4.2.2 except by prolonged gross
misapplication of controls. With the control misapplications of 3.4.2.2 held for at least
three seconds, or longer if there is rio clear indication, the airplane silall exhibit no rn-
commanded motion which cannot be arrested promptly by application of elevator control to
reduce the magnitude of the angle of attack (neutralizing the aileron and rudder controls
is allowed). In addition, Class I training airplanes shall be capable of a developed spin,
such that the pilot can identify the sphn modc.

Comparison

The stall development program fo, tle C-5A did not include tests to evaluate the resis-
tance to lc,6s of control during stall recovery. However, during the stallimiter optimization
program, stall tests were conducted at angle of attack conditions of approximately 4.0 de-
grees excess of the maximum boundary is defined by the stallimiter system. The airplane
exhibi' :d no unusual handling charact ,ristics at these higher angles. Theste data are dis-
cussed in more detail in reference 2.

Disc ussion

For a Class III airplane like the C-5A, operatiot, at speeds down to the stall is not
frequent enough to warrant an evaluation to determine susceptibility of entering a spin.
Intentional operation at speeds down to the stall on the C-5A i. made during the flight test
program and during crew training flights only, and during these phases, control inputs are
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planned and rather precise. Consequently, gross misapplication of the controls is not con-
sistent with flight test maneuvers or w'th training flight maneuvers. Instead, a requirement
relating to a reasonable angle of attack range beyond stall would be more realistic for
Class II and II operation.

Recommendation

It is recommended that the requirement relative to misapplication of controls be deleted
from paragraphs 3.4.2.2 and 3.4.2.2.1 for Class I1 and III airplanes and be replaced
with the following:

"For Class II and IMl airplanes, stall characteristics (straight and tumrinn flight)
shall be evaluated at an angle of attack range beyond the stall angle. The angle
of attack range shall be negotiated between the contractor and the procuring ac-
tivity prior to the start of the stall t',st program."

I
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Requirement

3.4.2.2.2 Recovery from post-stall gyrations and Spins. For Class I and IV airplanes, the

following requirements apply. For any loss of control that can occur with the control mis-

applications of 3.4.2.2 held for as long as 15 seconds, the start of recovery shall be ap-

parent to the pilot within three seconds, or one spin turn, of the instant he initiates recov-

ery. The prope, recovery technique must be readily ascertainable by the pilot, and all

techniques must be simple and easy to apply under the motions encountered. Whatever the

motions, safe, consistent recovery and pullout shall be possible without exceeding the con-

trol forces of 3.4.5.1, and without danger of violating airplane limits or of excessive alti-

tude loss. A single technique shall provide recovery from all post-stall gyrations and inci-

pient spins, without tendency to develop a spin; prompt recovery is required using only the

elevator control (neutralizing the aileron and rudder controls is allowed). The same tech-

nique used to recover from post-stall gyrations and incipient spins, or at least a compatible

one, is also desired for spin recovery. For all modes of spin that can occur, recoveries

shall be attainable within:

Class Fliqht Phase Turns for Recovery Altitude Loss in Rek.overy

I Category A, B 1 1/2 1000 ft.

PA 1 800 ft.

IV Category A, B 2 5000 ft.

* Not including dive pullout

Avoidance of a spin reversal or an adverse mode change shall not depend upon precise

control timing or deflection.

None - Not applicable to Class 'll.1

Discussion

None

Recommendation

None
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Requirement

3.4.4 Roll-pitch-yaw coupling. For Class I and IV airplanes in rudder-pedal-free,

elevator-control-fixed, maximum-performance rolls through 360 degrees, entered from
straight flight or from turns, pushovers, or pullups ranging from Og to 0.8 nL, the result-

ing yaw or pitch motions and sideslip or angle of attack changes shall neither exceed struc-
tural limits nor cause other dangerous flight conditions such as uncontrollable motions or
roll auto-rotation.

During combat-type maneuvers involving rolls through angles up to 360 degrees, the
yawing and pitching shall not be so severe as to impair the tactical effectiveness of the
maneuver. These requirements define Level I and Level 2 operation. For Class II and
Class III airplanes, these requirements apply in rolls through 120 degrees.

Comparison

The C-5A has successfully performed an abrupt, uncoordinated rolling pullout at 1.6 7 g,

which constitutes a 100 percent demonstration. Other maneuvers specified in this paragraph
are not required. The C-5A has a bank angle limitation of approximately 45 degrees.
Rolls of 120 degrees specified for Class II and III cannot, theretore, be attained.

Discussion

This paragraph does not seem to be a definitive requirement. The inclusion of 100 per-
cent structural demonstration requirements into handling qualities requirements is somewhat
incompatible. The handling qualities demonstrations are generally performed while the air-

plane is limited to 80 percent of its structural capability.

Class I1 and III aircraft appear to be added as an afterthought. Some heavy transport
cirplanes, such as the C-5, may not have the capability of rolling through 120 degrees.
Therefore, a roll of 90 degrees may be more applicabie to Class III airplanes. Abrupt,
uncoordinated rolls from pushovers or pullups ranging from Og to 0.8 nL may not be pos-
sible for some large Class Ill airplanes.

Recommendations

The entire paragraph needs to be reworded while retaining the central idea of prevent-

ing undesirable roll-pitch-yaw coupling conditions.

"For Class I and IV airplanes in rudder-pedal-free, elevator-control-fixed,

maximuri-performance rolls through 360 degrees, entered from straight flight
or from turns, pushovers, or pullups ranging from Og to 0.8 nL, the resulting
yaw or pitch motions and sideslip or angle of attack changes shall not cause

dangerous flight conditions or motions. During combat-type maneuvers involv-
;ng rolls through angles up to 360 degrees, the yawing and pitching shall not
be so severe as to impair the tactical effectiveness of the maneuver. These
requiremmnts define Level I and Level 2 operation. For Class II airplanes,
these requirements apply in rolls through 120 degrees.

I _ _ .- '..,



For Class Ill airplanes in rudder-pedal-free, elevator-control-fixed, maximum
performance rolls through 90 degrees entered from straight flight, turns, push-
overs, or pullups, the resulting yaw or pitch motions and sideslip or angle of at-

tack changes shall not cause dangerous flight conditions or motions."

Ii

i.
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Requirement

3.4.5 Control harmony. The elevator and aileron force and displacement sensitivities
and breakout forces sha be compatible so that intentional inputs to one control axis wilI
not cause inadvertent inputs to the other.

3.4.5.1 Control force coordination. The cockpit control forces required to perform man-
euvers which are normal for the airplane should have magnitudes which are related to the
pilot's capability to produce such forces in combination. The following control force lev-
els are considered to be limiting values compatible with the pilot's capability to apply
simultaneous forces-

Type Control Elevator Aileron Rudder

Center-Stick 50 pounds 25 pounds 175 pounds
Wheel 75 pounds 40 pounds 175 pounds

Comparison

The overall control system of the C-5A is rated as excellent. Relative magnitudes of
eievator, rudder, and aileron forces to produce coordinated maneuvers are within the pilot's
capability and meet the requirements of paragraph 3.4.5.1. Figure 1 (3.4.5) summarizes
the results of rolling pullout maneuvers and also lateral control and maneuvering flight tests.
Rudder pedal forces are low and are not critical.

Disc ussion

None

Recommendations

None

IIII
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Requirement

3.4.6 Buffet. Within the boundaries of the Operational Flight Envelope, there shall be
no objectionable buffet which might detract from the effectiveness of the airplane in exe-
cuting its intended missions.

Comparison

Buffet does not occur in any region that would affect mission effectiveness. Natural
buffet onset at high Mach numbers is showt in Figure 1 (3.4.2. 1. 1). It is this natural
buffet onset at high Mach numbers which somewhat defines a portion of the operational
flight envelope. At low speeds, a light natural buffet coincides with stall shaker onset.

Discussion

C-5A results compare favorably with this requirem,-nt.

Recommendations

None



Requirement

3.4.7 Release of stores. The intentional release of any stores shall not result in objection-
able flight characteristics for Levels I and 2. However, the intentional release of stores
shall never result in dangerous or intolerable flight characteristics. This requirement ap-
plies for all flight conditions and store loadings at which normal or emergency store release
is structurally permissible.

Comparison

None. Not applicable.

Discussion

None

Recommendations

None
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Requirement

3.4.8 Effects of armament delivery and special equipment. Operation of movable parts
such as bomb bay doors, cargo doors, armament pods, refueling devices, and rescue equip-
ment, or firing of weapons, release of bombs, or delivery or pickup of cargo shall not
cause buffet, trim changes, or other characteristics which impair the tactical effectiveness
of the airplane under any pertinent flight condition. These requirements shall be met for
Levels I and 2.

Comparison

The C-5A has a mission of aerial delivery of cargo. Operation of the aft cargo doors
produces no adverse handling characteristics. Longitudinal trim changes due to opening
and closing of the aerial delivery door are light or nonexistent, requiring no more than
five pounds of elevator column force to counteract The transient motions resulting from
single or multiple package airdrops do not reach dangerous flight conditions and are easily
controllable by normal pilot technique. A maximum of 200,000 pounds of cargo may be
dropped in packages of 50,000 pounds each. A demonstration drop of a single package
weighing 86,000 pounds has been accomplished without adversely affecting the airplane's
attitude or heading.

Discussion

None

Recommendation

None
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Req uir ement

3.34.4 Transients following failures. The airplane motions following sudden ciirplante syý-
tern ot compnnent failures shall be such tkat dangerous conditions can b,- uvoided by pilot
corrective action. A realistic time delay between the fai lure and initiation of plot cot-
rectiv.- action -,hall be incorporated when determining compliance. This time delay should
include on Interval between the occurrence of the failure and the occurrence of a cue such
as accvtefuroto, rote, displacement, or sound thc't will definitely indicate to the pilot that
a failure has occurred, plus an additional interval which represent's the time requited for the
pilot to diognose the situation ornd initiate correctivtr action.

3,4. 10 Failures. No single failure of any component or system shall rebult in dangerous
or intolerable flying qualities; Special Failure States (3. 1.6.2. 1 )are excepted. The
crew mnember con,-eined shall be provideJ with immediate and easily interpreted indications
whenever failures occur that require or limit any flight crew action or decision.

Comparison

The sudden loss of the critical engine while operating at high power has been demon-

strated during the dynamic air mi nimumn control speed flight tests. No undue pilot efforts
or special techniques are required to control mictions produced by critical engine failures.

Other fu'lures of concern are autopilot hardovers and stabilizer roinawoys. The air-
craft can be stabilized in leviel flight up to 280 KCAS in the cruise configuration at any
-. g. posrtrofl after a stabilrzer runaway to the 6 degree ANU or the 2.5 degree AND
stop. In the flaps down configuration, a stubilizer runaway to the 1.8 degree aircraft

no0s V down stop Is fully controllable at any c.y. position. With a c.g. aft of 33 percent,
thei(* ;ý no sufficient longitudinul control to prevent the airplane train decelerating into

toifollowing a stabilizer runaway t- the 1-2 degree ANU stop. How.-ver, sin-e thi
stab i Iliz tr trIa velIs at a r ate of1 0. 15 deyfees pur se, and, su ffic ient t ime ex Ists a fter a fa ilI-
ur e for (. pi Ict to I tc ogn; ze the fa -lure and to ac tua te thc p itch1 tr im d isconnvc t. Conse-
quently, no special warning to the crew is necessary. Autopilot loirdover fnilures hove
been) demonstrated during flight testing to verify that auitopilot inputs following a failure
in the autopilot are incapable of !:ausing airplone maKneuver loods to bu cxceeded or plac-
ing the airplane. in un adverse attitude. The hiordlover, or runaway failure, is simulated
by a voltage stop input of sufficient magnitude' to cause the affected autopilot surface
servo to drive at maximum rate to maximum deflection or motor stall. No'mal time delay
for these tests from pilot recognition of failure to initiation of recovery i4 three seconds
for lire CR configuration and one second for the PA and L conf Iigurat ions. Results of tests
oft the most critical elevator axis configuration, pretented in Figures I Q3.4. 10) and 2
(3.4. 10), show that airplane response is a fairly smooth Lhange in altitude and buildup in
vertical a~ccleration which i, easily recognized and controlled by the pilot. Vertical
acceleration values ate well within the required 0 t~: 2 .09 envelope when recovery is

delayed by thrve seconds. Tests for aileron axi, hardover failures (it 280 KCAS and
Z 0, 000 feet altitude show that thle airplane rolls smoothly to about 30 to 34 dvegrees of
bank when recovery is delayed by three seconds and peol,- at about 3~9 degrees dur ing thle
recovery. Fi lut es are eosi ly t cngxnizcd and co'rtiol lcd by the pi lot.
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Discussion

None

Recommendation

None
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Reqluirement

3.5 Chatacteristics of the primumy flight control systen.

3.5. 1 General characteristics. As used in this specification, the term primary flight con-

trol system includes the elevator, aileron and rudder controls, stability augmentation sys-

tems, and all mechanisms and devices that they operate. The requirements of this section

are concerned with those aspects of the primary Flight control system which are directly re-

lated to flying qualities. These requirements are in addition to the requirements of the

applicable control system design specificution, e.g., MIL-F-9490 or MIL-C-18244.

3.5.2 Mechanical characteristics. Somce of th; i-npottant mechanical characteristics of

contro! systems (inciudin% servo valves and actuators) are: friction and preload, lost mo-

tion, flexibility, mass imbalance and inertia, nonlinear gearing, and rate limiting. Re-

quirements for some of these characteristics are contained in 3.5.2.1 through 3.5.2.4.

Meeting these separate requirements, howeve-r, will not necessarily enýure that the overall

system will be satisfactory; the mechanicul chuiucteristics must be compatible with the

nonmechanical portions of the control system and with the airframe dynamic characteristics.

Comparison

None

None
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Requirement

3.5.2. 1 Control centering and breakout forces. Longitudinal, lateral, and directional
controls should exhibit positive centering in flight at any normal trim setting. Although
absolute centering is not required, the combined effects of centering, breakout force,
stability, and force gradient shall not produce objectionable flight characteristics, such
as poor precision-tracking ability, or permit large departures from trim conditions with
controls free. Breakout forces, including friction, preload, etc., shall be within the I;-
mits of table XII. The values in table XII refer to the cockpit control force required to
start movement of the control surface in flight for Levels 1 and 2; the upper limits are
doubled for Level 3.

Table XII. Allowable Breakout Forces, Pounds

Classes I, 1I-C. IV -Classes li-L, •1l
CONTROL min Max min max

Elevator Stick 1/2 3 1/2 5
Wheel !/2 4 1/2 7

Aileron Stick 1/2 2 1/1 4

_ Wheel 1/2 3 1/2 6

Rudder - __ _,,_1 7 1 14

Measurement of breakout forces on the ground will ordinurily suffice in lieu of
actual flight measurement, provided that quuitotive agreement between ground

measurement and flight observation can be established.

Conmp~rison

The C-5 is a Class flt heavy transport airccaft. The Control System breakout forces
were measured on the ground and substantiuted in flight.

Elevator Push 5 lbs.

Pull 6 lbs.

Aileron 6 lbs.

Rudder Right 13 lbs.

Left 10 lbs.

Discussion

None. The C-5 control systems meet the requirement.

Recommendation

1. Flight test pilots recommended a lower breakout force for the rudder system and the

resulting lower lorce gradient. The C-5 elevaor and aileron systems are able to
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meet the requirements by using Pilot Assist Cable Servos (PACS), The rudder system
could be iequired to meet less than 14 pounds and be able to meet it by using PACS.

C-5 and larger aircraft have cable systems so long that they need PACS or similar
devices It is recommended that lower iudder breakout forces be considered since a
lower breakout and the same spring gradient will result in lower maximum forces.

2. The C-5 Jcint Test Team used "the first significant movement of the control surface"
in flipht is the breakout point since it agreed with the ground test breakout force. It
is recommended that the specification be revised to describe a specific technique to
be used for ,easuring breakout

20•



Requirement

3.5.2.2 Cockpit control free play. The free play in each cockpit control, that is, any
motion of the cockpit control which does not move the control surface in flight, shall not
result in objectionable flight characteristics, particularly for small-amplitude control inputs.

Comparison

The C-5 complies with this requirement.

Disc ussion

None

Recommendation

None
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Requirement

3.5.2.3 Rate of control displacement. The ability of the airplane to perform the opera-
tional maneuvers required of it shall not be limited in the atmospheric disturbances speci-
fied in 3.7 by control surface deflection rates. For powered or boosted controls, the
effect of engine speed and the duty cycle of both primary and secondary controls together
with the pilot control techniques shall be ;r.,;luded when establishing compliance with this
requirement.

Comparison

The C-5 no-load surface rates are:

Elevator 29°/sec UP
24°/sec DOWN

Rudder 49°/sec L.
490 /sec R.

Aileron " v1 c UP
420/sec DOWN

Flight Spoiler 610/sec UP
6 0 (S,. DOWN

The hydraulic system tlow teaf,ý fat tht, C-5 .re coapble of .uFportin 9 fnamximum surface
rotes at engine idle so tho duty cycle pilot .ontrol tecwhniqo,es need not be evoluotud.

Discussion

None

Recommendation

Noi
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Requirement

3.5.2.4 Adjustable controls. When a cockpit control is adjustaLle for pilot physical di-
mensions or comfort, the control forces defined in 6.2 refer to the mean adjustment. A
force referred to any other adjustment shall not differ by more than 10 percent from the
force referred to the mean adjustment.

Comparison

The C-5 rudder pedal adjust mechanism does not change the rudder pedal kinematics
or rudder pedal forces and, therefore, meets this requirement.

Discussion

None

Recommendation

None

2
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Requirement

3.5.3 Dynamic characteristics. The response of the control surfaces in flight shall not lag

the cockpit control force inputs by more than the angles shown in table XIII, for frequencies
equal to or less than the frequencies shown in table XIII.

Table X111. Allowable Contiol Surface Labs

i "- Allowable Lag - deg otro Upper Frequency - radsec

Category A & C Category B Elevator WnsP
Level Flight Phases Flight Phases Rudder & Wnd or i/.rR (whichever

I & 2 30 45 Aileron is larger)

3 _60

The lags referred to are the phase angles obtained from steady-state frequency
responses, for reasonably large-amplitude force inputs. The lags for very small
control-foice amplitudes shall be small enough that they do not ;nterfere with
the pilot's ability to perform any precision tasks required in normal operation.

Comparison

No tests or analysis weit 1,eitoi,'ed tu .:p•atublkl oof of compliance. The following
information %%us gqentrfted ;.i jiourei tand flight tets.

1. .et. Fi,1ur-. 1 (.1 5.3) fn, p•.n•e lati plot for -. levator. The pitch autopilot servo is
located tindro-,n.jth lhic flight station floor and, therefore, the input includes most

of i' r,,, .haika l input system. The elevator system is .onsidered to meet the re-
quirement since the plot shows phase lag ;s approxinwitcly 10 dt.grees less than the
allovwable limit at Wnrp , for Categories A, B, and C as ..cis us :j low fiequenr:y
point d&rived hom fliqht test datri.

2. Se- Figure 2 (3.5.3) for phise lua plot for Hiti;-o,. I , oll uutopilot servo is
located on th( ctý,Ot-. lint of th.w wing ••ar bcim, which means that a large portion
o0 tle rChi:• iftnul iiptir .,ystcfi is not included. The plot shows that the Category
B o,.quirement is met, but the Category A and C requirements are not met since
the pha. P plot shows 35 degrees is available for the phase log of the mechanical

controls input system from the pilot's wheel to the wing rear beani.

3. See Figure 3 (3.5.3) for a phase lag plot of the hydraulic servo to the rudder surface.
Using the phase Ing due to the mechanical portion foi the elevator system as a guide
(and the elevator cable system is a longer run) the rudder system is assumed to meet
the requirement.

Discussion

Results prra(nted here iupport this requirement.
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Recommendation

None
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Requirement

3.5.3. 1 Control feel. In flight, the cockpit-contro. deflection shall not lead the cock-
pit-control force for any frequency or force amplitude. This requirement applies to theelevatnr, aileron, and rudder controls. In flight, the cockpit-control deflection shall not
lag the cockpit-control force by more than the angles listed in 3.5.3, for frequencies
equal to or less than those listed in 3.5.3, for reasonably large force inputs. The lags
for very small control-force amplitudes shall not interfere with the pilot's ability to per-
form precision tasks required in normal operation.

Comparison

All frequency response tests conducted on the C-5 primary control systems show that
the aileron, rudder and elevator surfaces always lag the input. The phase lag for reason-
ably large inputs indicate that phase lags probably are close to the limits of 3.5.3 (ref-
erence Figures 1, 2, & 3 (3.5.3). The pilot is able to perform all normal operations re-
quiring small inputs.

Disc ussion

None

Recommendation

None
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Requirement

3.5.3.2 Damping. All control system oscillations shall'be well damped unless they are
of such an amplitude, frequency, and phasing that they do not result in objectionable
oscillations of the cockpit controls or the airframe during abrupt maneuvers and during
flight in the atmospheric disturbances specified in 3.7.3 and 3.7.4.

Comparison

All C-5 primary control systems are wl damped, and there are no objectionable os-
c illations as a result of abrupt maneuvers.

Discussion

None

Recommendation

None
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Requirement

3.5.4 Augmentation systems. Normal operation of stability augmentation a.nd control aug-
mentation systems and devices shall not introduce any objectionable flight or ground hand-ling characteristics.

3.5.4.1 Performance of augmentation systems. Performance degradation of augmentation
systems caused by the atmospheric disturbances of 3.7.3 and 3.7.4 and by structural vi-
brations shall be considered when such systems are used.

3.5.4.2 Saturation of augmentation systems. Limits on the authority of augmentation sys-
tems or saturation of equipment iaT inot result in objectionable flying qualities. In parti-
cular, this requirement shall be met Juring rapid large-amplitude maneuvers, during opera-
tion at high angle of attark (3.4.2 through 3.4.2.2.2), and during flight in the atmos-
pheric disturbances of 3.7.3 and 3.7.4.

Comparison

The C-5 with SAS (Stability Augmentction System) operational, under all flight con-
ditions, has exhibited no n4jectionoble flying quaoiies.

Dincussion

None

Recommendation

None
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SRecuirement

3.5.5 Failures. If the flying qualities with any or all of the augmentation devices in-

operative are dangerous or intolerable, special provisions shall be incorporated to preclude
a critical single failiure. Failure-induced transient motions ond trim changes resultihig
either immediately after failure o,' upon subsequer.t transfer to alternate control modes shall
be small and gradual enough that dangerous flying qualities never result.

Comparison

The C-5 can be safely flown with SAS (Stability Augmentation Subsystem) inoperative.

Pilot work load is increased with SAS "off" in both pitch and yaw/lateral systems. The
SAS i• iriply red3undart and will automatically ýwltch to the standby channcl in the event

of a failure and switch "off" after a second failure. Trim changes resulting from an SAS
failuie are snali and ore not dangerous.

Disc ussion

None

Recommendation

None
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Requirement

3.5.5.1 Failure transients. With controls free, the airplane motions due to failures de-

scribed in 3.5.5 shall not exceed the following limits for at least two seconds following
th0i hilure, as a function of the level of flying qualities after the failure transient has

subsided.

Lovel ± 0.05g normal or lateral acceleration at the pilot's station
(after failure) and ± 1 degree per second in roll

Level 2 j 0.059 at the pilot's station, ± 5 degrees per second roll,
(after failure) and the lesser of ± 5 degrees sideslip or the structural limits

Level 3 No dangerous attitude or structural limit is reached, and no

(after failure dangerous alteration of the flight path results from which
recovery is impossible.

Comparison

The C-5 SAS (Stability Augmentation Subsystem) is a triply redundant system that

switches automatically to a starlby channel after a failure. The time from a failure to

switchover is on the ord.;r of 60 millis-cconds and, therefore, the resulting nz change is

-modl. Failure ,ests were not conducti J, but pilot womments about an SAS fai lure that

occurred during the Flight Tost program indicawed that no significant airplane motions
resulted.

Discussion

None

Recommendation

None
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Requirement

3.5.5.2 Trim changes due to failures. The change in control forces required to maintain
attitude and sideslip for the failures described in 3.5.5 shall not exceed the following
limits for at least five seconds following the failure.

Elevator..... 20 pounds
Aileron ..... 10 pounds

Rudder ..... 50 pounds

Comparison

Pilot force changes as a result of an SAS (Stability Augmentation Subsystem) foilure
were not measured during the failure experienced in Flight Test. The estimated pilot
force change was not significant and was well below the limits stated. The limits stated
are considered to be reasonable.

Discussion

None

Recommendation

None
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Requirement

3.5.6 Transfer to alternate control modes. The transient motions and trim changes resulting
from the intentional engagement or disengagement of any portion of the primary flight con-
trol system by the pilot shall be small and gradual enough that dangerous flying qualities
never result.

3.5.6. 1 Transients. With controls free, the transients resulting from the situations describ-
ed in 3.5.6 shall not exceed the following limits for at least 2 seconds following the
tranisfer.

Within the Operational ± 0 . 0 5g normal or lateral acceleration at the pilot's
Flight Envelope station and ± 1 degree per second roll

Within the Service + 0.5g at the pilot's station, ± 5 degrees per sacond
Flight Envelope roll, and the lesser of ± 5 degrees sideslip or the

structural limit

These requirements apply only for Airplane Normal States.

Comparison

Engaging the alternate control system which involved switching off Hydraulic System
No. 2 resulted in essentially no change in trim or attitude (reference Figure ) (3.6.3.1).

During flight test, the SAS was switched "on" many times, and the transients did not
exceed i .05g and there vms no change in roll rate or sideslip. It is assumed that the
same changes vwuld take place when the SAS is switched "off." Although no specific test
analysis or simulation was performed, the flight test records indicate that the C-5 meets
this requirement.

Discussion

None

Recommendation

None
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Requirement

3.5.6.2 Trim changes. The change in control forces required to maintain attitude and
sideslip for the situations described in 3.5.6 shall not exceed the following limits for at
least five seconds following the transfer.

Elevator ...... 20 pounds
Aileron ....... 10 pounds
Rudder ..... 50 pounds

These requirements apply only for Airplane Normal States.

Comparison

SAS Yas switched "on" a number of times during flight tests, and the pilot forces didnot change. It is assumed that the same results would be seen for switching SAS "off."
The C-5 meets this requirement.

Discussion

None

Recommendation

None
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Requirement

3.6 Characteristics of secondary control systems

3.6. 1 Trim system. In straight flight, throughout the Operational Flight Envelope, the
trimming devices shall be capable of reducing the elevator, rudder, and aileron control
forces to zero for Levels 1 and 2. For Level 3, the untrimmed cockpit control forces shall
not exceed 10 pounds elevator, 5 pounds aileron, and 20 pounds rudder. The failures to
be considered in applying t'ie Level 2 and 3 requirements shall include trim sticking and
runaway in either direction. It is permissible to meet the Level 2 and 3 requirements by
providing the pilot with alternate trim mechanisms or override capability. Additional re-
quirements on trim rate and authority are contained in MIL-F-9490 and MIL-F-18372.

Comparison

The C-5 pitch trim system is capable of maintaining zero control force except:

a) longitudinally in the cruise configuration at a forward center-oi-gravity within
the weight-altitude envelope described in Figure 1 (3.6.1), and

b) longitudinally in the landing configuration with idle power at the extremely low
speed conditions (below 1.22Vs). The inability to trim at 1.2Vs in the cruise
configuration with a forward center-of-gravity-low weight condition should not
limit the C-5A operational capability. In the landing configuration with idle
power, it was not possiblc to trim down to 1.2Vs; but, since the recommended
landing approach speed was 1.3V5 (where idle power trim was po..'-We), there
should never be an operational requirement to trim the aircraft to 1.2VS.

The pitch trim system is designed so that no single failure will result in a runaway trim.
There are single failures that could result in loss of trim (trim sticking) so that after failure,
the failed trim position would be maintained. The pilot must use elevator to maintain con-
trol of the aircraft. In a simulated failure (at cruise trim), the pilot maintained aircraft
trim by using elevator. In this mistrim condition, the elevator required for approach was
12.5 degrees, and pilot force was 30 pounds. The C-5 rudder trim system is capable of
reducing control forces to zero for normal operation. For any trim failure, the pilot can
trim the aircraft to zero control force using the emergency control knob that inputs a sig-
nal through the SAS components to reposition the rudders.

The C-5 aileron trim system is capable of reducing control forces to zero for normal
operation. The trim system utilizes two actuators (one in each wing) so that if one fails
the remaining actuator is used for trim. Pilot force would exceed five pounds if any is
required because breakout is six pounds.

Discussion

The elevator force (10 pounds) allowed for Level 3 trim after a failure would seem to
be insufficient for the C-5 because of the change in trim required between cruise and
approach speeds. The aileron force (5 pounds) allowed for Level 3 trim is also too low,
because the allowable breakout is six pounds. If any force at all Is required, it would
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have to be greater than breakout.

Recommendation

The allowable elevator force for Level 3 after failure should be increased for Class II
and Class III aircraft.

The allowable aileron force for Level 3 after fuilure should be increased above the
allowable breakout.

The requirement as written is not clear in that trim must provide zero control force for
Levels 1 and 2, but a later sentence defines the same type failures be considered for
Level 2 and 3.
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Requirement

3.6. 1. 1 Trim for asymmetric thrust. For all multi-engine airplanes, it shall be possible to
trim the elevator, rudder, and aileron control forces to zero in straight flight with up to
two engines inoperative following asymmetric loss of thrust from the most critical factors
(3.3.9). This requirement defines Level 1 in level-flight cruise at speeds from the maxi-
mum-range speed for the engine(s) out configuration to the speed obtainable with normal
rated thrust on the functioning engine(s). Systems completely dependent on the failed
engines shall also be considered failed.

Comparison

The C-5 meets the requirement as demonstrated during Category 1/11 test program.

Discussion

None

Recommendation

None
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Requirement

3.6.1.2 Rate of trim operation, Trim devices shall operate rapidly enough to enable the
pilot to maintain low control forces under changing conditions normal!y encountered in
service, yet not so rapidly as to cause over sensitivity or trim precision difficulties under
any conditions. Specifically, it shall be possible to trim the elevator control forces to
less than t- 10 pounds for center-stick airplanes and + 20 pounds for wheei control air-
planes throughout (a) dives and ground attack maneuvers required in normal service oper-
ation, and (b) level-flight accelerations at maximum augmented thrust from 250 knots or
VR/C, whichever is less, to Vmax at any altitude when the airplane is trimmed for level
flight prior to initiation of the maneuver.

Comparison

C-5 trim rates are:

Horizontal Stabilizer -nut drive .3 0 /sec, flaps up
.5 0 /sec, flaps not up

Range: 120 nose up
2.50 nose down- screw drive .15 0 /sec

Aileron - 1°/sec total
Range:+ 100

Rudder - 1°/sec
Range: 110

During all normal flight operations, the trim rates were adequate without being ex-
cessive. The C-5 is considered to meet the requirement that the elevator force not ex-
ceed 20 pounds, although in retarding throttles there was a momentary average push force
of 22 pounds. Reference Figure 1 (3.6.3.1).

Disc ussion

None

Recommendation

During aerial delivery, a normal operation for C-5, there is a large c.g. shift. There
should be included in this specification an item approval to momentarily exceed 20 pounds
elevator force which the aircraft is being trimmed for this change.
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Requirement

3.6. 1.3 Stalling of trim systems. Stal ling of a trim system due to aerodynamic loads dur-
ing maneuvers shall not result in an unsafe condition. Specifically, the longitudinai trim
system shall be capable of operating during the dive recoveries of 3.2.3.6 at any attain-
able permissible n, at any possible position of the trimming device.

Comparison

The C-5 trim systems are capable of trimming the aircraft to zero force under all nor-
mal flight conditions.

Discussion

None

Recommendation

None
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Requirement

3.6.1.4 Trim stem irreversibility. All trimming devices shall maintain c given setting
indefinitely, unless changed by the pilot, by a special automatic interconnect such as to
the landing flaps, or by the operation of an augmentation device. If an automatic inter-
connect or augmentation device is used in conjunction with a trim device, provision shall
be made to ensure the accurate return of the device to its initial trim position on conmple-
tion of each interconnect or augmentation operation.

Comparison

All C-5 trim devices are irreversible and will maintain a given trim setting indefinitely.

Discussion

None

Recommendation

None
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Requirement

3.6.2 Speed and flight-path control devices. T' effectiveness and response times of the
fore-and-uft force controls, itt combination with me other longitudinal controls, shall be
sufficient to provide adequate control of flight paih and airspeed at any flight condition
within the Operational Flight Envelope. This requirement may be met by use of devices such
as throttles, thrust reversers, auxiliary drag devices, and flaps.

Comparison

C-5 devices used are throttles, thrust reversers, L.E. slats, and T.E. flaps. Flight
tests were conducted on all these devices, and the test results show that they provide ade-
quate flight path and airspeed control of the aircraft.

Discussion

None

Comparison

None
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Requirement

3.6.3 Transients and trim changes. The transients and steady-state trim changes for normal

operation of secondary controý devices (such .s throttle, flaps, slats, speed brakes, decel-
eratiort devices, dive recovery devices, wing sweep, and landing gear) shall not impose

excessive control forces to maintain the desired heading, altitude, attitude, rate of climb,
speed or load fiactor without use of the trimmer control. This requirement applies to all in-

flight configuration changes and combinations of changes made under service conditions,
including the effects of asymmetric operatons s'.ch as unequal operation of landing gear,
speed brakes., slats, or flaps. In no case shall there by any objectionable buffeting c: os-

cillation of such devices. More specific requirements on secondary control devices are

contained in 3.6.3. 1, Z.6.4 and 3.6.5 and in MIL-F-9490 and MIL-F-18372.

Comparison

The transieni and steady-state trim changes created by operation of such control de-

vit.es as throttles, flaps, landing gear and thrust reversers are negligible. Longitudinal

trim changes are tabulated in Figure 1 (3.6.3. 1). The C-5A favorably compares with

this requirement.

Discussion

None

Recommendatian

None
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Requirement

3.6.3. 1 Pitch trim changes. The pitch trim changes caused by operation of secondary
control devices shall not be so large that a peak elevator control force in excess of 10
pounds for centt.r-stick controllers or 20 pounds for wheel controllers is required when
such configuratic,n changes are made ini fligh; under conditions representuilivc of opera-
tional procedure. Generally, the conditior-s listed in table XIV will suffice for deter-
mination of compliance with this requirement. (For airplanes with variable-sweep wings,
additional requirements will be imposed consistent with operational employment of the
vehicle). With the airplane trimmed for each specified initial condition, the peak force
required to maintain the specified parameter constant following the specified configura-
tion change shall not exceed the stated value for a tirne interval of ot least five seconds
following the completion of the pilot oction initiating the -onfigurotion change. The
magnitude and rate of trim change subsequent to this time period shall be such that the
forces are easily trimmable by use of the normal trimming devices. These requirements
define Level I. For Levels 2 and 3, the allowable forces are increased by 50 percent.

Comparison

The conditions tested and results in Figure 1 (3.6.3.1) were considered to be represen-
tative of fhe operation of secondary control devices. Test 10 shows a control force of 22
pounds push, which exceeds the ollowvable 20 pounds.

Discussion

The 22-pound force exceeded the allovmble by only 2 pounds or,d Yms only momentary.
The C-5 is ýonsirued as meeting this ,uquiaement.

Rec onmmentdat ion

None
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TABLE XIV. Pitch Trim Change Conditions

Initial Trim Condition
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I thrmt
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off (40-
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UP oa0t o-

Steleretlaa
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"locaeted
thn-st

:;: U l~p YVP tuate 4
base t dvcelett

Tltottle settle; par ba chim.d 4%ufin the 0aquvr
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Requirement

3.6.4 Auxiliary dive recovery devices. Operation of any auxiliary device intended
solely for dive recovery shall always produce a positive increment of normal acceleration,
but the total normal load factor shall never exceed 0.8 nL, control free.

Comparison

The C-5 has no auxiliary dive devices.

Discussion

None

Recommendation

None
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Requirement

3.6.5 Direct normal-force control. Use of devices for direct normal-force control shall
not produce objectionable changes in attitude for any amount of control up to the maximum
available. This requirement shall be met for Levels 1 and 2.

Comparison

The Ground Spoiler System is used to increase aircraft weight on the landing gear and
make the brakes more effective at landing. No objectionable attitude changes have been
experienced.

Discussion

None

Recommendation

None
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Requirements

3.7 Atmospheric dusturbances

3.7.1 Use of turbulence models. Paragraphs 3.7.2 tnrough 3.7.5 specify a continuous
random turbulence model and a discrete turbulence model that shall be used in analyses to
determine compliance with those requirements of this specification that refer to 3.7 ex-
plicitly, to assess:

a. The effect of turbulence on the flying qualities of the airplane;
b. The ability of a pilot to recover from the effects of discrete gusts.

Comparison

Specific analytical studies pertaining to C-5A flying qualities in turbulence using the
methods defined in paragraph 3.7 were not performed. A major dynamic analysis was
performed in the design phase, however, with the effort tailored to the response of struc-
tural components in turbulence. This analysis, performed as an outgrowth of MIL-A-00-
8861A, "Airplane Strength and Rigidity, Flight Loads, " reflected linearized airplane
flying qualities in turbulence. Though this analysis did not completely evaluate control-
lability, the basic airplane response appeared satisfactory. In the course of fixed and
moving base flight simulator tests random turbulence and discrete gust functions were gener-
ated to evaluate airplane/pilot combinations. These simulator tests, which incorporated
only a quasi-flexible airplane model, showed the C-5A to have reasonable handling
characteristics in turbulence.

Since no significant problems were discovered in the early design phase, no extensive
effort was performed; and, hence, no large amount of documentation exists at this time.

Early in the development test program, it vas demonstrated that the C-5A exhibited
no undesirable handling qualities in the light turbulence.

Following completion of the 100 percent structural demonstration program, dyrnmic
response tests were conducted on the C-5A in moderate to heavy turbulence. Dynamic
response tests were also conducted during the ALDCS development test program. These
tests were conducted to determine primarily the response of structural components in tur-
bulence with pilot work load and controllability data as secondary. These data are too
voluminous for inclusion here, although the results show good airplone control with low
pilot work load in gusts conditions up to 33 feet per second. Analyses of the flight test
results are presented in references 5 and 6.

Discussion

None

Recommendation

None
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Requirement

3.7.2 Turbulence models. Where feasible, the von Karman form shall be used for the
continuous random turbulence model, so thaW the flying qualities analyses will be consistent
with the comparable structural analyses. When no comparable structural analysis is per-

formed or when it is not feasible to use the von Karman form, use of the Dryden form will
be permissible. In general, both the continuous random model and the discrete model
shall be used. The scales and intensities used in determining the gust magnitudes for the
discrete model shall be the same as those used in the Dryden continuous random model.

Comparison

None

Discussion-

None

Recommendations

None
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Requirement

3.7.2.1 Continuous random model (von Karman form). The von Karman form of the spec-
tra for the turbulence velocities is: 22L

2 u 1:(-')-•Ug u -- 1 ÷(1.339Lu.•?)2]5/6

2 1+ 8(1.339L .,)2

g l + 1.339L T6

21 1+ 3(1"339L 1)2

w 3 w
Wg9 w- 1 + (1.339LA ")216

3.7.2.2 Continuous random model (Dryden form). The Dryden form of the spectra for the
turbulence velocities is:

2 2 1

2g I +3(L :1

21 1 j2 L I + 3(L -) 2V(: -- -- v

9 (

a :)~ 21L 1 +3(1 1)2
C w w

w9 w ' 2

Comparison

None

Discussion

None

Recommendation

None

298



Requirement

3.7.2.3 Discrete model. The discrete turbulence model may be used for any of the three
gust-velocity components. The discrete gust has the "I - cosine" shape:

v=O ,x<O

_T(i - cos MX) , O< x - 2d
2 d m

=0 x> 2d

vm

v

FT/SEC

0
0 d DISTANCE X FT

Several values of dm shall be used, each chosen so that the gust is tuned to each of
the natural frequencies of the airplane and its flight control system (higher-frequencies of
the airplane and its flight control system (higher-frequency structural modes may be ex-
cepted). The magnitude vm shall then be chosen from Figure 7. The parameters L and

Sto be used within Figure 7 are the Dryden scales and intensities from 3.7.3 or 3.7.4
for the velocity component under consideration.

Comparison

None

Discussion

None

Recommendation

None
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Requirement

3.7.3 Scales and intensities (clear air turbulence). The root-mean--square intensity aw
for clear air turbulence is defined on Figure 8 as a function of altitude. The intensities
au and a. may be obtained using the relationships

2 2 2
U _ T/3 (von Karman form)

L L L2/U V W

2 2 2
a Cr a

U V - Wý- (Dryden form)

L L L
u v w

The scales for clear air turbulence are defined in 3.7.3.1 and 3.7.3.2 as a function
of altitude. The altitude shall be defined consistently with any applicable terrain models
specified in the contract. For those flight phases involving climbs and descents, a single
set of scales and intensities based on an average altitude may be used, If an overage set
of scales and intensities is used for Category C Flight Phases, it shall be based on an alti-
tude of 500 feet.

3.7.3.1 Clear air turbulence (von Karman scales). The scales for clear air turbulence
using the von Korman form ore:

Above h = 2500 feet: L = L = L i 2500 feet
U V W

Below h = 2500 feet: L = h feet

L L = 184 h/IA feet
u v

3.7.3.2 Clear air turbulence (Dryden scoleO). The scalus lot Olw air ttsbulence using
the Dryden form ore:

Above h 1750 feet: L L L -750 feetU V W

wwbelow h =1750 feeh: L -;1 feet

LuW L 145 h1/ 3 fet

3.7.4 Scales and intensities (thunderstorm turbulence). The root-mean-square intensities
S- oare all equal to 21 feet 'er second for thunderstorm tbulence. The
scales for thunderstorm turbulence are defined in 3.7.4.1 and 3.7.4.2. These values are
to be used whien evaluating the airplane's controllability in severe turbulence but naed
not be considered for altitudes above 40,000 feet.

3.7.4. 1 Thunderstorm turbulence (von Marmon scale). The xcales for thunderstorm turbu-
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lence using the von Karman form are L - L L 2500 feet.
u v w

3.7.4.2 Thunderstorm turbulence (Dryden scales). The scales for thunderstorm turbulence
using the Dryden form are L =1 L = 1750 feet.

U V w

Comparison

None

Disc ussion

None

Recommendation

None
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3.7.5 Application of the turbulence models in analyses. The gust velocities shall be ap-
plied to the airplane equations of motion through the aerodynamic terms only, and the di-
rect effect of the gust on the aerodynamic sensors shall be included when such sensors are
part of the airplane augmentation system. When using the discrete model, all significant
aspects of the penetration of the gust by the airplane shall be incorporated in the analyses.
Application of the continuous random model depends on the range of frequencies of concern
in the analyses of the airframe. When structural modes are significant, the exact distriL~u-
tion of the gust velocities over the airframe should be considered. For this purpose, it is
acceptable to consider u and v as being cne-dimensional functions only of x, but Wg
shall be considered two-41mensiongl, a function of both x and y, for the evaluation of
aerodynamic forces and moments.

When structural modes are not significant, airframe rigid-body responses may be evalu-
ated by considering uniform gust immersion along with linear gradients of the gust veloci-
ties. The uniform immersion is accounted for by u9 , v , and wg defined at the air-
plane center of gravity. The angular velocities due to t;e turbulence are equivalent in
effect to the airplane angular velocities. These angular velocities are defined (precisely
at very low frequencies only) as follows:

ý w

p - _a
g g Y

ý w
;" g qg ýx

;v

g x

p 9 w +

q 0) +

f12

Sr ( ... ! 3 2 Ov (0) where b wing spon

The turbulence velocities U9' V9 Wo, Pa, qg, and 9 are then applied to the air-
plane equations of motion through the oerodynamic terms. For longitudinal analyses, U.,

, and q9 gusts should be employed. For lateal-directional analyses Vg, Pg # and
r 9 should be used. The gust velocity components, U9 , V 9 , and Wg shall be considered
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mutually independent (uncorrelated) in a statistical sense. However, qg is correlated
with Wg, and rg is correlated with Vg. The rolling velocity gust Pg is statistically
independent of all the other gust components.

Comparison

None

Discussion

None

Recommendation

None
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4. QUALITY ASSURANCE

This section of the specification has been reviewed and is considered satisfactory.

5. PREPARATION FOR DELIVERY

Since this section is not applicable to this specification, it is suggested that it be
deleted.

6. NOTES

This section of the specification has been reviewed and is considered satisfactory.
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"SECTION IV

CONCLUSIONS AND RECOMMENDATIONS

The results of comparing the C-5A airplane flying qualities with the requirements of
this specification yield the following conclusions and recommendations.

CONCLUSIONS

I. The specification represents a substantial improvement over specifications with respect
to requirement definition, format and overall clarity.

2. Generally, the C-5A data compare favorably with the specification except in certain
sections where the requirements appear to have been based primarily on medium and
light weight airplane data.

3. Based on the C-5A data, the following sections of the specification are far too strin-
gent for Class III airplanes.

3.3.1.2 - Roll mode (rR)

3.3.2.4 - Sideslip excursions

3.3.4 - Roll control effectiveness

RECOMMENDATIONS

i. Additional data from Class III heavy aircraft be gathered to substantiate or revise
the requirements in the following sections.

3.2.1.2 Phugoid stability

3.2.2. I Short period response

3.2.2.2. I Control forces in maneuvering flight

3.3. 1. 1 Loterol directional oscillotions (Dutch roll)

3.3.1.2 Roll mode (,R)

3.3.2.4 Sideslip excursions

3.3.4 Roll control effectiveness

3.4.2.2. 1 Resistance to loss of control
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INDEX OF RECOMMENDATIONS

The following lists the paragraphs of the specification, indicating by page number
where recommendations have been made. The most significant recommendations are marked
by an asterisk.

PARAGRAPH PAGE
NUMBER PARAGRAPH TITLE NUMBER

3.1.1 Operational missions 38

3.2.1.1 Longitudinal static stability 78

3.2.1.2 * Phugoid stability 89

3.2.1.3 Flight path stability 93

3.2.2.1 ,2 * Short period damping 96

3.2.2.2.1 * Control forces in maneuvering flight 117

3.2.3.2 Longitudinal control in maneuvering flight 134

3.2.3.3 Longitudinal control in takeoff 137

3.2.3.5 Longitudinal control forces in dives - service flight
envelope 152

3.2.3.6 Longitudinal control forces in dives - permissible
flight envelope 156

3.3. 1. 1 * Lateral-directional oscillations (Dutch roll) 159

3,3.1.2 *Rol Imode 171

3.3.2.2 Roll rate oscillations 180

3.3.2.4 * Sideslip excursions 186

3.3.4 *Roll control Effectiveness 201

3.3.7.3 Taxiing wind speed limits 227

3.4.2,1.3 Stall prevention and recovery 248

3.4.2.2.1 *Resistance to loss of control 24?

3.4.4 * Roll-pitch-yaw coupling 252

3.5.2. 1 Control centering and breaokout forces 264

,.6. ! Trim system 282

ý.6. 1.2 Rate of trim operation 286
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